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Chapter I 
Introduction 
The mechanical action of the heart is preceded by an electrical depolarization 
wave through the heart muscle, and followed by a repolarization wave. The 
current generated by this electrical activity is not confined to the heart, but 
flows through the complete body, and gives rise to potential differences at the 
body surface. The registration of these potential differences as a function of 
time is called the electrocardiogram. 
The same also holds true for the fetal heart. The current generated by the 
fetal heart flows through the fetal and the maternal body, and gives rise to 
potential differences at the surface of the maternal body. 
The first one to notice the fetal electrocardiogram (FECG) in recordings at 
the maternal abdomen was CREMER [8] in 1906. This signal component was 
considered to be an artefact by many. Since the amplitude of the FECG at 
the maternal abdomen is typically less than 50 μΥ, it was hard to detect by 
the recording equipment of that time (e.g. the string galvanometer), and few 
authors reported the observation of the FECG in the first half of the century. 
When, in the fourties, amplification technique improved the FECG was 
detectable in many, but not all, cases during the second half of gestation [13]. 
The signal to noise ratio was now the limiting factor in the detection of the 
FECG in abdominal recordings. The observation of the FECG was hampered by 
the presence of the much larger maternal ECG. Better signal to noise ratios were 
obtained by using an intra-uterine electrode between the intact membranes and 
the wall of the uterus [26]. The use of this technique was abandoned, however, 
because of the danger of premature rupture of the membranes induced by the 
insertion of the electrode. 
HON introduced the use of a "direct" electrode [14], fixed to the presenting 
part of the fetus after rupture of the membranes. This technique has since 
then become a common practice in obstetrics, specifically in the monitoring of 
the fetal heart rate during labour. The second electrode malees contact with 
the mother via the electrolytic content of the cervical and vaginal secretions. 
The maternal ECG in these recordings is small compared to the fetal ECG. 
The signal to noise ratio is large enough to allow reliable detection of fetal QRS 
complexes (the QRS complex is the segment of the electrocardiogram associated 
with the depolarization of the heart chambers). 
Recording the FECG using abdominal leads during pregnancy, however, 
remained troublesome because of the small signal to noise ratio, the interference 
of the maternal ECG and the large variabihty in the optimal recording sites. It 
was used for a wide range of diagnostic purposes, such as ascertaining fetal life 
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[17], and establishing the fetal position (from the shape of the QRS complex) [4] 
In the seventies ultrasound echoscopy was developed, which provides a better 
means for these purposes. Doppler ultrasound technique replaced abdominal 
fetal electrocardiography in fetal heart rate monitoring prior the rupturing of 
the membranes. 
Recently, however, interest has risen in the beat to beat variability of the 
fetal heart rate [7], which cannot be monitored by means of Doppler ultrasound. 
Furthermore, interest has risen in the clinical use of the electromechanical time 
intervals [20] and the waveform of the FECG [15,18,23]. During labour the 
time intervals and waveform can be recorded by using a direct electrode. Early 
in pregnancy, they can only be measured by using surface electrodes at the 
maternal abdomen. Recent development of a number of computer-based meth-
ods to extract the FECG from abdominally recorded signals [3,9,19,22,28] have 
raised the hope that FECG recordings can be obtained of a quality good enough 
to allow clinical use of the waveform. A remaining comphcating factor in the 
study of the waveform is the large inter- and intra-individual variability of the 
observed signals. 
It was demonstrated that the FECG amplitude shows a decrease between 
28 and 32 weeks [5,6,21]. B O L T E attributed this decrease to the layer of vernix 
caseosa which surrounds the fetus from this time onward. He measured the 
conductivity of vernix at a frequency of 50 Hz, and found that it is much smaller 
than the conductivity of all other tissues involved, including fab and bone [5]. 
Several studies have shown the variability of the FECG waveform. Some 
found that the fetal QRS complexes within a single subject are the same in all 
leads except for size and sign [24,16]. In contrast, others found different shaped 
complexes at different sites [27]. R O C H E and H O N [24] studied the FECG as 
observed in more than 30 non-simultaneously recorded leads in 106 pregnant 
women, with all but 4 at more than 36 weeks of gestation. They studied the 
relationship between the FECG amplitude and a wide range of parameters: the 
presentation of the fetus, the amount of vernix after birth, the position of the 
placenta, whether or not the membranes were ruptured, the amount of amniotic 
fluid and the maternal body weight. A significant correlation was found only 
in the fetal presentation. 
The only way to get insight into these phenomena is to study the way in 
which the current generated by the fetal heart is conducted through the different 
media between the source and the maternal abdomen (fig. 1). In the literature 
two extreme hypotheses are found concerning the conduction from the fetal 
heart to the maternal abdomen. Based on the FECG recordings at multiple 
sites, using mainly near term subjects, K A H N [16] and R O C H E and H O N [24] 
concluded from the fact that in their recordings the shape of the FECG changes 
little from varying electrode positions, that the FECG is conducted by distinct 
pathways. Both papers suggested the oronasal cavity of the fetus as a distinct 
pathway, and K A H N further suggested preferent conduction through the umbil-
ical cord to the placenta. On the other hand, T A C C A R D I [27] concluded from 
the observation of fetal vectorcardiograms that the medium between the fetal 
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Figure 1. Schematic representation of the media through which the current gener­
ating the fetal ECG is conducted to the surface of the maternal abdomen. 
fs: fetal skin; vc: vernix caseosa; a:amnion c: chorion; d: decidua; m: myometrium; 
s: serosa; ρ: peritoneum; b: bladder; fj: fascia profunda; mr: musculus rectus ab­
dominalis; f2: fascia superficialis; sf: subcutanious fat; s: maternal skin; ep: electrode 
past;e:elcctrode; 
adapted from: L.A.M. PEETERS: Het foetale electrocardiogram. Dissertation, Uni­
versity of Nijmegen, 1968. 
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heart and the maternal abdomen can be described as electrically homogeneous. 
The electrocardiogram is the result of the superposition of electrical activity 
throughout the heart muscle. This complex source may be expressed in terms of 
a current dipole and higher order multipole components [12]. When the higher 
order components are disregarded, as is justifiable for remote observation points 
and a source located within an homogeneous medium, the equivalent heart 
dipole (vector) represents the potentials observable at the body surface. The 
instantaneous dipole can be derived by measuring the potential at a number 
of points at the body surface and by using a model for the conductive system 
[10]. The plot of this equivalent dipole throughout the cardiac cycle is called 
the vector cardiogram (VCG) or vector loop. 
Vector loops of adults, children, and infants born at term and preterm all 
demonstrate extensive spatial rotation of the equivalent heart dipole during 
the QRS complex [10,25]. It is therefore reasonable to assume that the fetal 
heart dipole also is rotating in space. If, however, the conduction from the fetal 
heart to the maternal abdomen is dominated by two distinct pathways, only 
potentials caused by the current between these pathways will be present at the 
maternal abdomen. As a result, the (appellent) equivalent dipole as deduced 
from recorded body surface potentials will not correspond to the actual heart 
dipole and it will show no spatial rotation. 
TACCARDI recorded the potential differences in two geometrically orthogonal 
leads in a single subject at term. Prom this he constructed the projection of 
the fetal vector cardiogram (FVCG) in the maternal frontal plane. This FVCG 
showed extensive spatial rotation which he felt was sufficient evidence to exclude 
the existence of distinct pathways. 
OLDENBURG and M A C K L I N measured simultaneously potential differences 
in three perpendicular directions on the maternal abdomen [21]. They used 
the simple model of a current dipole at the center of a homogeneous sphere 
to compute fetal vector loops from these measurements. These results show 
extensive spatial rotation of the equivalent dipole in most subjects at less than 
30 weeks gestation, and little spatial rotation in subjects at more than 30 weeks 
gestation. From this they concluded that the current from the fetal heart is 
conducted uniformly to the maternal abdomen in early pregnancies, whereas 
distinct pathways dominate in late pregnancies. They suggested that the dis-
tinct pathways in later pregnancies are the result of the isolating effect of the 
vernix caseosa together with the non-uniform distribution of the amniotic fluid 
at this stage. 
The objective of the research described in this thesis was to study the way the 
current generating the FECG is conducted to the maternal abdomen through-
out gestation, in order to indicate optimal recording sites as a function of the 
fetal position and orientation and of gestational age. All previous research was 
based on measurements with just a few leads simultaneously, or with many leads 
successively. So far, it has not been tried to explain the observed signal quan-
titatively in a model which incorporates the actual (inhomogeneous) geometry 
(fig- 1). 
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In this research the potential distribution generated by the fetal heart at the 
maternal abdomen was measured using 32 leads simultaneously for six pregnant 
volunteers in fortnightly intervals from 20 weeks of gestation onward. At each 
recording session the three dimensional geometry was measured accurately using 
echoscopy. From these measurements triangular meshes of the relevant struc-
tures (maternal abdomen, uterus, placenta and the fetal body) were obtained. 
In Chapter II the methods are described for recording the FECG and the 
geometry. 
A volume conductor model based on the actual geometry was constructed 
to explain the observed signals. An obvious choice for the current source in 
this model is a current dipole. The position and strength of a dipole inside 
a homogeneous volume conductor of arbitrary shape can be calculated from 
the potential distribution at the surface by means of (for instance) the Gabor-
Nelson method [11]. To be able to use this method, the complete potentiell 
distribution at the surface must be known. In our research however, the poten-
tials are only known at a limited number of electrode positions. To estimate 
the potentials at each vertex point of the triangular mesh used, an interpolation 
method was developed, which is described in Chapter III. The application of 
the interpolation method presented is not limited to the field covered in this 
thesis. 
The Gabor-Nelson method cannot be applied to an inhomogeneous volume 
conductor. Furthermore, the interpolation needed results in a limited accuracy 
of the solution. For a piecewise homogeneous volume conductor the potentials 
at the electrode positions can be expressed as a function of the parameters 
describing the current source (e.g. by means of the boundary element method 
[1]). Recent developments in computer speed and memory size have made it 
feasible to estimate source parameters for the general case in which the potential 
depends on these parameters in a nonlinear way. A new procedure for finding 
such source parameters within an inhomogeneous volume conductor of arbitrary 
shape is presented in Chapter IV. 
In order to be able to construct a volume conductor model, the electri-
cal properties of the tissues involved in the conduction of the FECG must be 
known. In the literature, data on the electrical properties of the materials in-
volved in the conduction of the FECG are scarce. Values are found for the 
conductivities of amniotic fluid, and of overall body tissues, which can consid-
ered to be homogeneous. Although some investigators proposed an important 
role of the fetal membranes and the umbilical cord in the conduction [2,16], no 
data were found for the conductivities of the fetal membranes and of Wharton's 
jelly, which separates the blood in the umbilical cord from the amniotic fluid. 
Only one measurement of the conductivity of Vernix caseosa at one frequency 
is cited [5]. The value found differs by a factor of roughly one million from the 
conductivities of the other tissues involved, implying an important role for the 
vernix in the conduction of the FECG. Chapter V reports on measurements 
of the conductivities of fetal membranes, Wharton's jelly and vernix caseosa. 
In Chapter VI an extensive account is given of the potential distribution 
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observed at the maternal abdomen throughout the second half of gestation. 
Using the simple model of a current dipole at the fetal heart position inside 
the maternal abdomen F V C G s were computed. The model yields acceptable 
results early in pregnancy (less than 28 weeks), but not late in pregnancy. The 
FVCGs found for late pregnancies suggest the influence of distinct pathways. 
In C h a p t e r V I I an extension of the model is presented, which includes 
more complex source descriptions and a volume conductor which incorporates 
the actual inhomogeneities. This model is applied to the same potential data 
as in Chapter VI. Two different kinds of source descriptions have been used: 
a current dipole (yielding an apparent fetal vector loop) and two stationary 
current monopoles (bipole). The latter was used to approximate the distinct 
pathways situation. It is shown that the changes in the F E C G observed in the 
latest change of gestation are caused by changes in the conductive medium. 
In C h a p t e r V I I I the results and conclusions are summarized, and the 
consequences for the clinical use of the FECG are discussed. 
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Chapter II 
The potential distribution generated by the 
fetal heart at the maternal abdomen* 
1 Introduction 
The pathways along which the electrical currents generated by the fetal heart 
are conducted to the surface of the maternal abdomen arc not known. As a con-
sequence, in recording the fetal electrocardiogram (FECG) it is hard to predict 
where electrodes should be placed in order to obtain an optimal signal. The 
FECG varies with gestation [2], and there is a large inter-individual variation 
in the amplitude of the FECG and in the optimal recording site among subjects 
of the same gestational age. 
The decrease in amplitude around the 30th week has been ascribed to the 
isolating effect of the vernix caseosa, which surrounds the fetus at that time [2]. 
Two different hypotheses concerning the conduction of the electrical signal of 
the fetal heart are found in literature. Based on the distribution of the FECG on 
the maternal abdomen, R O C H E and H O N [9] postulate that the electrical signal 
is propagated mainly by low-impedance pathways, such as the umbilical cord -
placenta pathway and the fetal mouth - amniotic fluid pathway. TACCARDI [10] 
on the other hand describes a case which resembles more the conduction of the 
electrical signal through a homogeneous volume. OLDENBURG and MACKLIN 
[6] suggest that there is uniform volume conduction during the beginning of the 
second half of gestation, but that preferred pathways play a dominant role in 
the signal transmission during the last weeks of gestation. 
However, all these theories are based on recordings from just a few leads, 
or on signals successively recorded at different sites. To test a model of the 
volume conductor based on a detailed description of the geometry involved, 
simultaneous potential measurements on many sites are needed. 
This paper presents the methods for obtaining the potential distribution gen-
erated by the fetal heart at the maternal abdomen from multi-lead recordings, 
and for a 3-dimensional description of the geometry of the volume conductor, 
as observed by means of echography. In future studies the theoretical potential 
distribution derived from this geometrical model will be confronted with the 
recorded potential distribution. 
'published in J. Perinat. Med. 14: 435-444, 1986 
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2 Material and methods 
Pregnant volunteers with uncomplicated pregnancies are examined once every 
two weeks from 20 weeks of gestation onward. At this stage 3 pregnancies have 
been followed1. 
At these sessions the electrical potential distribution at the maternal ab­
domen is recorded. Real time echoscopy is used for and after the recording to 
check whether the fetus has moved during the recording. Echoscopy is also used 
to obtain a detailed description of the geometry. 
2.1 Geometry 
To obtain a detailed description of the geometry, transverse scans are made 
every 2 cm across the maternal abdomen, using a compound echo scanner (Di-
asonograph NE4200, ultrasound probe 2.5 MHz). 
The video display image is copied using a hardcopy unit (Tektronics 4632). 
The contours of the relevant tissues (fetal head and body, placenta and uterus) 
and the place of the fetal heart are documented visually from these hardcopies. 
The extremeties of the fetus are not included. Real time echoscopy was used to 
support the identification of the various parts of the anatomy. Additionally to 
the echoscopy the contours of the maternal abdomen are recorded by applying 
a flexible ruler at 4 cm intervals. 
The contours axe fed into a PDP-11 computer using a graphics tablet. From 
these contours the surfaces of the anatomical compartments are formed by a 
triangulated representation [5]. This is done separately for the fetus, placenta, 
uterus and maternal abdomen. 
The overall accuracy of this technique is 1 cm. 
2.2 Fetal body surface maps (FBSM) 
The abdominal FECG is recorded on 32 leads simultaneously. The electrode 
placement is shown schematically in fig. 1. All potentials are measured in 
respect to the reference electrode (placed at the right thigh). 
2.2.1 Recording system 
The recording system consists of the following components (fig. 2): 
- a low noise buffer amplifier for the reference electrode, 32 low-noise dif­
ferential pre-amplifiers and 32 isolation amplifiers. The total gain per 
channel is 10000, the common mode rejection is 80 dB and the noise 
measured with short circuited inputs is 2 /xV peak to peak; 
- 32 low-pass 4th order Bessel filters, with a cut-off frequency of 250 Hz; 
'The study finally included β pregnancies. 
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Figure 1. Electrode positions at maternal abdomen and back. The middle sector 
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Figure 2. Schematic diagram of the recording equipment. 
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- 32 sample and hold circuits; 
- a 32 channel Α-D converter with 12 bit resolution, operating at 500 Hz. 
- a DEC 11/34 computer with peripherals. 
This recording system provides a 32 leads recording, digitized within a range 
of —1 to 1 mV, having a resolution of 0.5 μΥ, sampled at 500 Hz [3]. At 
each session a recording of 45 seconds is made and stored on disc for further 
processing. 
2.2.2 Signal quality 
The total noise in these recordings varies from 3 to 10 μΥ peak to peak. In 
many leads no fetal signal can be discerned in the noise. Because of this, the 
recording of just a single fetal QRS complex does not yield a reliable potential 
distribution. To improve the signal to noise ratio, a time coherent averaging 
technique is used. The procedure to obtain average fetal complexes in the 
different leads consists of the following successive steps (table I). 
2.2.3 Signal processing 
A digital 2 Hz high-pass filter is applied to all leads to reduce low frequency 
disturbance, caused for example by the maternal breathing. 
A lead with a prominent maternal ECG is selected to provide a trigger 
indicating the maternal complexes. The trigger moment is defined as the mo­
ment where the first derivative of the signal reaches it's maximum or minimum, 
whichever occurs first. 
A spatial filtering technique [8] is used to obtain a signal, from which the 
maternal contribution has been removed, and in which the fetal contribution 
has been maximized. This signal is a well chosen Unear combination of the 
recorded signals. We will refer to this Unear combination further as the "spatiai 
filter output". The spatial filter output is used to provide a trigger for the fetal 
complexes. Fig. 3 shows a segment of two of the 32 recorded signals, as well as 
the spatial filter output. 
Table I. Flowchart of procedure for obtaining multi-lead average fetal complexes. 
digital 
high-pass 
filtering 
2 Hz 
detection 
of maternal 
complexes 
detection 
of fetal 
complexes 
using L. 
spatial 
filtering 
technique 
construction 
of average 
maternal 
complex 
construction 
of average 
fetal complex, 
subtracting 
maternal 
contribution 
baseline 
correction 
of average 
fetal 
complex 
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Figure 3. upper traces: examples of 2 
of the 32 recorded signals at 26 weeks; 
lower trace: "spatial filter output" re­
sulting from the spatial filtering tech­
nique to suppress the maternal com­
ponent and maximize the fetal compo­
nent. 
Figure 4. Example of subtraction of 
maternal contribution. 
upper trace: one lead showing a mater­
nal (m) and a fetal (f) complex. 
middle trace: average maternal com­
plex in same lead. 
lower trace: signal after subtracting av­
erage maternal complex. 
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To perform this technique, one fetal complex has to be identified in the 
original recording. If no fetal complex is visible in any of the recorded leads, 
this computer processing technique is not possible. In our registrations thus 
far, fetal complexes were visible in 80% of the cases. 
Using the maternal trigger, average maternal complexes are determined, by 
means of time coherent averaging performed in all leads. The average maternal 
complexes will be used to suppress the maternal contribution in each lead. 
In a similar way, an average fetal complex is determined using the fetal trig-
ger. A recording of 45 seconds contains typically some 80 to 100 fetal complexes. 
After straightforward averaging of such a number of complexes, a considerable 
amount of maternal ECG may still be present in the average fetal complex. To 
overcome this, the maternal contribution is suppressed by subtracting the aver-
age maternal complex around each maternal trigger. This is done in each lead 
separately, using the average maternal complex of that specific lead. The cor-
rected signal is then included in the averaging procedure for the fetal complexes. 
Fig. 4 demonstrates this subtraction in one lead. 
If a fetal complex coincides with a maternal QRS-complex, it is yet excluded 
from averaging, because even after subtraction of the average maternal complex 
relatively small changes in QRS amplitude or the inevitable jitter within the 
sampling interval of 2 ms may result in an unacceptably large remainder in the 
average fetal complex [1]. Coincidence is defined as a maternal trigger moment 
within less than 120 ms from the feted trigger moment. 
Finally, a baseline correction of the averaged fetal complexes is performed in 
each lead. To do so, the beginning and the end of the QRS complex is marked 
interactively. Next, the averages of the samples in a window of 20 ms before 
the beginning and in a window of 20 ms after the end of the QRS complex are 
determined. A linear ramp is subtracted from the signal in such a way that in 
the resulting signal both averages will be zero. 
In the resulting average fetal complexes the noise is reduced to 1 to 2 /iV 
peak to peak. 
2.2.4 Present ion of the potential distribution 
The average fetal complexes may be plotted at a map of the sites where they 
were recorded. To observe the relationship between the various potential values 
at any given time instant another representation is used : the body surface map 
[11]. In a body surface map the complete potential distribution on the body 
surface at one specific moment during the cardiac cycle is plotted by means 
of e.g. a color scale. In the present study a map of the potential distribution 
at the maternal abdomen generated by the fetal heart will be called a Feted 
Body Surface Map (FBSM)1. In the FBSMs shown the maternal abdomen is 
projected on a flat surface, corresponding to the "map area", as indicated in 
fig. 1. At each electrode the potential at a specific moment during the fetal 
'In chapter VI the FBSMs are called FECG maps (FEMs). 
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νΙ·*4ι* »·1·™1 
Figure 5. Triangulated representation of the feto-uterine geometry observed in 
a subject of 40 weeks gestation (frontal view). The fetus, placenta, uterus and 
maternal abdomen are shown separately and combined. 
cardiac cycle is taken from the average feted complex; the potential distribution 
can be plotted after bilinear interpolation [4]. 
3 Results 
In fig. 5 an example is shown of the triangulated representation of the feto-
uterine geometry, observed in a subject of 40 weeks gestation. The fetus, 
placenta, uterus and maternal abdomen are shown separately and combined. 
Using a computer, more realistic views from any point in space can be 
generated from this representation, as shown in fig. 6. 
Fig. 7 shows the average fetal complexes of a individual at 26 weeks of 
gestation, plotted at the sites where they have been recorded. Each average 
complex includes 56 fetal complexes at that site. The vertical lines in this 
figure represent the trigger moment of the spatial filter output. This moment is 
arbitrarily called time = 0 for reference purposes in the following figures. This 
figure indicates that the form of the fetal complex varies with the recording site. 
Fig. 8 shows the FBSM of the same individual at one specific moment during 
the feted cardiac cycle (t = - 2 ms). The potential distribution is plotted using 
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Figure 6. a)Shaded version of triangulated representation of fetus and maternal 
abdomen observed in a subject of 40 weeks gestation (frontal view) The front of 
the surface representing the maternal abdomen has been removed to show the fetus 
b) idem, oblique frontal view 
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Figure 7. The 32-lead average fetal QRS complex of a subject at 26 weeks gestation 
Each lead is plotted at its recording site The vertical line represents the trigger 
moment 
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Figure 8. Fetal body surfaco map at one specific moment during the fetal cardiac 
cycle of a subject at 26 weeks of gestation The time is indicated in respect to the 
trigger moment. Isopotential lines are drawn at 1 μΥ distance. The area which has 
a positive potential in respect to the reference electrode is coded white, the negative 
area is coded black. The area within 1 //V from the zero potential is coded gray. 
isopotential lines ' . 
Fig. 9 shows the FBSM of the same individual at subsequent moments dur­
ing the fetal cardiac cycle. Fig. 8 and 9 demonstrate that the maximum and 
minimum of the potential distributions do not have a fixed location, and that 
they are not always within the area covered by the abdominal electrodes. 
4 Discussion 
A method has been presented to record the intra-uterine anatomy (uterus, pla­
centa, fetus) in three dimensions, and to record the complete potential distri­
bution generated by the fetal heart at the maternal abdomen as a function of 
time. 
In future study a mathematical model will be made to explain the measured 
potential distribution in terms of volume conduction, both qualitatively and 
quantitatively. This model will include the detailed description of the geometry 
as presented in this paper The recorded potential distribution will be used to 
verify the model. 
The material studied thus far shows that the positions of the extremes of 
the potential distribution are not fixed during the cardiac cycle, but move more 
'In the original paper a color scale was used 
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t i m e - 2 8 ms t i m e - 1 6 ms t i m e - 4 ms 
11 me -2 ms 11 me 0 ms 11 me 4 ms 
О 
11 me ms time IG ms time 20 ms 
Figure 9. Fetal body surface maps at successive moments during the fetal cardiac 
cycle from 28 ms before (upper left) to 20 ms after the trigger moment (bottom 
right), of a subject at 26 weeks of gestation. The isopotential lines are drawn at 
2 μΥ distance. 
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or less from the right to the left side of the maternal abdomen (fig. 9). This 
suggests that the depolarization of the fetal heart has to be described by an 
equivalent source with the complexity of at least a rotating dipole. 
This observation is not in agreement with the "low-impedance pathways" 
model as described in the introduction, which would yield a physical dipole 
source of fixed position and orientation and hence would produce fixed places 
of the potential extremes. In such a model the form of the fetal complexes 
would be the same at all sites, which is contradicted by fig. 7. 
Furthermore it has been demonstrated that the extremes of the potential 
distribution at the maternal abdomen are not always within the range of ab-
dominal electrodes. The clinical implication of this observation is that a FECG 
with maximum amplitude is sometimes obtained between electrodes which are 
placed at the edge of, or outside, the abdominal range. 
Summary 
The pathways along which the electrical currents generated by the fetal heart are con-
ducted to the surface of the maternal abdomen are not known. As a consequence, in 
the recording of the fetal electrocardiogram (FECG) it is hard to predict where the 
electrodes should be placed in order to obtain an optimal signal. The amplitude of the 
FECG varies with gestation [2], and there is a large interindividual variability in the 
amplitude of the FECG among subjects within the same gestational age. Attempts 
have been made to explain the phenomena in terms of volume conduction [6,9,10]. 
In this research the complete potential distribution on the maternal abdomen is 
studied in connection with the geometrical configuration of the electrical source (fetal 
heart) and the volume conductor (surrounding tissues). For a small group of pregnant 
women the abdominal FECG is recorded simultaneously in 32 leads during a period of 
about one minute, once every two weeks from 20 weeks of gestation onward. A spatial 
filtering technique which combines information of all 32 leads [8] is used to provide 
a trigger of the fetal QRS complexes. Using this trigger, an average fetal complex is 
constructed for each lead by time coherent averaging, after subtraction of the maternal 
contribution. These average fetal complexes are combined to plot the complete potential 
distribution generated by the fetal heart at the maternal abdomen (fetal body surface 
map, FBSM) at any given time instant during the fetal cardiac cycle. 
At these recording sessions the geometry is carefully quantified by making transverse 
scans every two cm with a compound echo scanner. The contours of the fetal head and 
body, the placenta and the uterus are manually drawn on hardcopies of the video display 
images. Real time echoscopy is used to support the identification of the geometry. 
The contours are fed into a computer using a graphics tablet. The three dimensional 
surfaces of the fetus, uterus and placenta arc separately represented by triangulation 
of the respective contour lines. 
Fig. 5 and 6 show an example of the triangulated representation of the recorded 
geometry. Fig. 7 shows the average fetal complexes of an individual at 26 weeks of 
gestation, plotted at the side where they have been recorded. Each average complex 
includes 56 fetal complexes at that site. Fig. 9 shows the FBSM derived from these 
average complexes, at subsequent moments during the fetal cardiac cycle. 
In a future study a mathematical model based on the recorded geometry will be 
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made to explain the measured potential distribution in terms of volume conduction. 
The material presented shows that the extremes of the potential distribution are 
not fixed during one fetal cardiac cycle, suggesting an equivalent electrical source with 
the complexity of at least a rotating dipole. 
K e y w o r d s : Echoscopy, electrocardiography, mathematical model, volume conduction. 
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Interpolation on a triangulated 3D surface * 
Abstract 
An interpolation method for scalar functions on a rectangular grid on 
a planar surface is extended to the interpolation function on a closed three 
dimensional triangulated surface of arbitrary shape. Two variants are con-
sidered. The first one constrains the Laplacian of the function to be zero at 
points where the function values are unknown. The second one minimizes 
the Laplacian at all points of the surface considered. Some illustrative ex-
amples of both variants are given in applications to the display of potential 
distributions on the boundary surface of an electrical volume conductor. 
Keywords: Interpolation - Triangulated surface - Volume conduc-
tion 
1 Introduction 
A problem often encountered in various fields of research is that of obtaining an 
acceptable approximation of a scalar function ƒ defined on a closed surface in 
three dimensional space, for which the function values are available (for instance 
by measurement) at a limited number of points on this surface only. There are 
numerous methods for interpolating the value of ƒ at any given point on the 
surface if the function values are known at all nodal points of a mesh of this 
surface [8]. In this paper we shall discuss the case in which the function values 
are known for a subset of the nodes only. 
One of the methods for solving this problem for a regular, rectangular mesh 
on a planar surface was presented by H E R I N G A et. ai. [7]. The points at which 
the value of ƒ is given form a subset of the points of this mesh. The value of ƒ at 
all other points of the mesh are found by requiring the value of ƒ at these points 
to be equal to the straight average of the values at the neighbouring points. This 
procedure constructs a smooth function,the values of which coincide with the 
true values at the points where ƒ is known. 
This method can be extended to a non-regular rectangular mesh. In that 
case the function value at a point is assigned a weighted average of the values 
at its direct neighbours. The weighting coefficients depend on the distance 
'J. Comput. Phys. (in press) 
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between the points. This method can be modelled by a resistance network, 
where the potential is fixed at some points, and the potential at all other points 
is found by applying KirchhofF's law. The resistances in this model represent 
the weighting coefficients. 
A similar way to construct a smooth interpolation is to put constraints on 
the Laplacian Δ ƒ of the function, i.e. 
Af = - — 1 
dx2 + dy2 ' / ' 
(1) 
The choice of the Laplacian to construct a smooth function is just one of the 
many that can be made. It has been used in as widely different fields as the 
solution of integral equations [12] and digital picture processing [14]. As the 
Laplacian of a function at a point can be estimated in a rectangular mesh 
as a weighted sum of the value at that point and at its direct neighbours, 
the method described above can be looked upon as an approximation of the 
constraint Δ / = 0. 
In the case of a function defined on a curved surface in three dimensional 
space, we have to consider A,f instead of Af: 
Δ . / = 
дх
2 +
 dy2 ƒ, (2) 
in which χ and у are local surface coordinates. 
A rectangular mesh is not suited for representing a surface of arbitrary 
shape in three dimensions; such a surface is more adequately described by a 
triangular mesh. So the first extension to the interpolation method is that we 
shall construct an estimate of Δ , / on a triangular mesh. Another extension 
which we shall present is a method which minimizes A, f at all points without 
changing the values at the prescribed points. 
2 Est imate of A
s
 ƒ in a tr iangular mesh 
We start by considering the well-known results for the rectangular mesh. Con­
sider po in such a mesh with neighbours Ρι, .- . ,ρ« at a distance h. We will 
denote ƒ, the value of ƒ at point p,. Let (x,y) be the position of po- A Taylor 
expansion in the χ coordinate yields 
df f(x + h,y)~f(x,y) + h-J-
ox dx2 
or 
ƒ ι ^ /o + h 
дх 
+ ìh 
+ »tf dìÌ 
2 d 2 f 
dx2 
PO 
Similarly, for the у coordinate one has 
df fi^h + h dy dy2 
(3) 
(4) 
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A similar expression can be found for f3 and ƒ4. Addition of these four 
expressions yields 
Λ + Λ + Λ + Λ - *ƒ«+ * ' ( £ + £ ) ƒ ! , . 
= Af0 + h2Af0, (5) 
thus 
Δ/ο - ¿ ( E / . - 4 / O Ì , i-e-
Δ/ο ^ ^ ( / - Λ ) , (6) 
in which ƒ is the average of / i , . . . , /4. This is the well-known first order estimate 
of the Laplacian Δ in a regular rectangular mesh at po [1]. 
Now consider a regular planar triangular mesh. In this mesh each point has 
6 neighbours instead of four. We can extend the estimation of eq. (5) to 
Δ Λ - ^ ( ƒ - ƒ „ ) , (7) 
in which ƒ is now the average of fi,...,/β, i.e. the average of the function 
values at all neighbouring points. This expression holds true for any η points 
regularly distributed on a circle having a radius h around the reference point po 
as can be seen by applying a Taylor expansion to any point p, with coordinates 
x, = x(po) + /1005(0,); y, = y(po) + hsm(<t>,), and using the orthonormality 
properties of points evenly distributed on a circle. 
In an irregular planar triangular mesh the number of neighbours and their 
relative position and distance differ from point to point. Let η be the number 
of neighbours p, (i = l,n) of any point po, and ht the distance between p, and 
Po- We now extend eq. (7) to this situation. When not all neighbours are at 
the same distance we use a lineai approximation of ƒ on the Une between po 
and p,. Let h be the average oí h\,...,hn, i.e. the mean distance between po 
and its neighbours. The linear approximation to ƒ for points p, at a distance h 
from po on the line from po to p, then reads 
f.^fo+^(f.-fo). (8) 
Now we have the values at η points at distance h from po, so we can extend 
eq. (7) by replacing h by h and ƒ by the mean value of the /,'s 
Δ/ο - ¿(¿Σ/.-*). 
= p ( ^ è { / o + | ( / . - / o ) } - / o ) , h e n c e 
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When the points p, are not distributed at regular angles around po eq. (9) 
may not be a very accurate estimation of the Laplacian as such. We have tried 
an expression that accounts for irregular angles. Although this expression gives 
a better approximation of the Laplacian on a planar surface, it does not give 
better results when used as a constraint in the interpolation procedure (closed 
surface in 3 dimensional space). As this expression is more complicated, we 
will use the approximation given by eq. (9) as a constraint in the interpolation 
procedure to be described. We will use this estimate of Δ/ on a planar tri­
angular mesh as an estimate of A, f on a closed triangulated surface in three 
dimensional space. 
3 Interpolation procedure 
Consider a triangular mesh on a three dimensional surface (e.g. fig. 1). Let 
N be the number of points in this mesh. The function values ƒ, at points p,, 
г = 1, К are to be found through interpolation, those at points p„ г = К + 1, Ν 
are assumed to be known. The Laplacian A, f can be expressed as a matrix L, 
defined by 
l
"~ ftAfc,)' 
4 1 1 
1,, = — = — for г / j , Pj direct neighbour of p,, 
h, n, h,j 
ltj = 0 for i / j , ρ j no direct neighbour of p,, 
with: h,} : distance between p, and pj, 
n, : number of neighbours of p,, 
h, : average of htJ over the neighbours of г, 
( — I : average of — over the neighbours of i. 
Kh, I h,, 
Now we have for the Laplacian of ƒ at point г 
(*.ƒ), = £;/„ƒ„ 
j - i 
or 
v = Lf, 
in which ν is the vector containing elements
 г
 = (Δ,/)^ 
The vector f can be split into two parts fi and Гг, fi related to points 1 to 
K, and Гг related to the remaining points. The vector fi contains the unknown 
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values, and fj contains the values specified. In a similar way we can partition 
L into four parts 
Lu L\2 
¿21 £22 
and ν into vi and Vj. 
¿ = 
V i«2 ^ / 
3.1 Method A-. A,f = 0 at points where ƒ is not given 
The condition ( Δ , ƒ), = 0 for г = 1 to К (i.e. at all points where ƒ is not given; 
equivalent to using the analogon of a resistance network) leads to solving the 
equation 
Vl = ( Lu Lu ) (*Л = Lufi + Lub = О, 
Liifi = — Lufy-
This is a set of К linear equations in К variables. This set is not singular as 
can immediately be appreciated by considering the implied physical model (re­
sistance network). Consequently this set can easily be solved, e.g. by Gaussian 
elimination with partial pivoting [5, ch. 3]. 
3.2 Method B: minimize A
s
f at all points 
In method A the interpolated function values were found by requiring A, f to 
be zero at the points where ƒ is not given. As a result the function will be 
smooth at these points, but may not be smooth at all at the points where ƒ 
is given. Intuitively, this non-uniform application of the constraint to the two 
sets of points considered is not immediately obvious. We shall now demonstrate 
that the constraint may be imposed uniformly, while still retaining the values 
at the points where ƒ is given. In that case we still have К variables, but we 
have N equations: one equation for Δ , / at each point. Since we now have 
more equations than variables there is, in general, no solution to the demand 
Δ,Γ = 0. Instead, we relax the demand on Δ,Γ, and require it to be miminal in 
a least squares sense. Hence we want to minimize the Euclidian norm |v| of ν 
\ ¿21 Lw ) \ f2 / 
\ ¿гі / \ ¿22 / 
This is equivalent to finding the least squares solution to 
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Figure 1. Triangular mesh of a sphere. The points which are used as "electrode 
points" are indicated by bold circles. Fig. la is an anterior view , slightly from above 
and fig. lb is a posterior view. 
which is a system of ΛΓ equations in К variables. The well-known least square 
solution to this system of equations is 
The solution to eq. (10) may be computed directly from eq. (11), using some 
appropriate numerical routine for the matrix inversion of the non-singular ma­
trix involved. In the results to be presented eq. (10) was solved directly by 
using the routine HFTI [9], which provides the general least squares solution. 
For large systems it may be advisable to use the sparseness of the system [4]. 
When considering the use of methods for solving sparse systems the complica­
tion due to the fact that the bandwidth is, in general, not uniform has to be 
taken into account. This is the case when the vertex points are surrounded by 
a non-uniform number of neighbours. 
4 Results 
This section demonstrates the application of the methods described above in a 
number of examples. 
a ) Consider a sphere of radius 1 and electrical conductivity 1 (arbitrary 
units). Let an electrical current dipole of unit strength be placed half-way 
between the center and the top of the sphere. The dipole is directed towards 
the top of the sphere. Fig. 1 depicts a 162-point mesh on the surface of the 
sphere. The potential generated by the dipole at the points of the mesh can 
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be calculated analytically [13]. In fig. 2a isopotential lines on the sphere are 
depicted. This plot has been made by assuming that on each triangle of the 
mesh the potential varies linearly between the vertices. 
We arbitrarily (just for the sake of this demonstration) define 12 "electrode" 
points on this mesh, as shown in fig. 1, and take the analytically computed 
potentials at these points. Prom the potentials at these points the potentials 
at the remaining points have been computed by the interpolation methods A 
and В described above. Fig. 2b shows the resulting potential distribution for 
method A, and fig. 2d the difference with the actual potential distribution. 
Fig. 2c and e are the corresponding results for method B. 
The difference between the actual potential distribution and the estimated 
potential distribution can be expressed by the relative difference ε: the ratio 
of RMS (Root Mean Square) value of the difference between the actual poten­
tial distribution g and the estimated one f, and the RMS value of the actual 
potential distribution: 
/ N \ * 
П>.-/.)2 
ε
= _!=î 
\ 1=1 / 
The values given below refer to this measure computed over all points in the 
mesh considered. If the relative difference is zero, the estimated potential dis-
tribution is exactly equal to the actual one, and if the relative difference is one, 
the difference between estimated and actual potential distribution is of about 
the same size as the potential distribution itself. The relative difference for 
method A in this example was found to be 0.413, for method В it was 0.075. 
The maximum absolute value of the potential on the sphere is 0.796. The max­
imum of the (observed) differences between the actual and the estimated values 
were 0.242 and 0.050 for method A and В respectively. 
b ) Consider the homogeneous volume conductor plotted in fig. 3. The sur­
face is specified by 192 points. The potential distribution due to a current dipole 
inside this volume, as found by the boundary element method [2] is shown in 
fig. 4a. This example is taken from a study on the volume conduction aspects 
of the fetal electrocardiogram [10]. The volume represents the abdomen of a 
pregnant woman, and the electrical current dipole is located at the position of 
the fetal heart. Fig. 3 also depicts the position of 32 electrodes on this mesh. 
Fig. 4 shows the potential distribution estimated from the potential at the 32 
electrodes, using methods A and B. The relative difference for method A weis 
found to be 0.266, and for method В it was 0.156. The maximum absolute 
value of the potential on the surface is 1.267. The maximum of the differences 
between the actual and the estimated values were 0.677 and 0.411 for method 
A and В respectively. 
c) We conclude this section by showing an application of this interpolation 
method to body surface mapping in cardiography [16,3]. Fig. 5 shows a 398-
point mesh of a torso, and the position of 64 surface electrodes. These electrode 
27 
Chapter ΠΙ 
Figure 2. Plots of isopotential lines on the mesh of fig. 1 (anterior view). The 
stepsize between the isopotential lines is the same in all plots. Negative lines are 
dashed. The zero line is dashed in larger segments. In the difference plots (figs 2d 
an 2e) the area within half a stepsize around zero is shaded. 
2a: Potential distribution on the sphere generated by a current dipole inside the 
sphere as computed analytically. 
2b: Potential distribution estimated from the potentials at the electrode points (see 
fig. 1) as computed by method A. 
2c: Potential distribution estimated from the potentials at the electrode points (see 
fig. 1) as computed by method B. 
2d: Difference between the result of method A (fig. 2b) and the actual potential 
distribution (fig. 2a). 
2e: Difference between the result of method В (fig. 2c) and the cictual potential 
distribution (fig. 2a). 
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Figure 3. Triangular mesh of the abdomen of a pregnant woman. The points which 
are used as "electrode points" are indicated by bold circles, fig. 3a is an anterior 
view , slightly from above and fig. 3b is a posterior view. 
positions are used in a body surface mapping set-up at the Department of 
Cardiology of the University Hospital at Nijmegen [6]. Fig. 6 shows the potential 
distribution at all 398 points interpolated by method A and В from the data 
recorded at the 64 electrodes. The potential distribution at 40 ms after onset 
of the QRS complex is plotted. 
5 Discussion 
Method A constrains the Laplacian of the function to be zero at the points where 
the function value is not known. A one dimensional analogon of this method is 
a Uneair interpolation between the points where the function values are known 
(fig. 7a). In a lineair interpolation the second derivative (the one dimensionai 
analogon of the Laplacian) is zero at all points except for those which are 
being interpolated. In this method extremes of the function can only occur at 
points where the function value is known, as can be seen by considering the 
one dimensional anadogon, or by considering the equivalent resistance network 
model. 
Method В minimizes the Laplacian at all points. The one dimensional 
analogon (fig. 7b) is similar to a cubic spUne. The spline algorithm constructs a 
continuous function between the points where the function values are known in 
such a way that the integrad of the square of the second derivative is minimized 
[5, sect. 4.4]. This function turns out to be a cubic polynomial. If, in the one 
dimensional analogon, the number of points at which the function values are 
not known approaches infinity the solution approaches the corresponding cubic 
spline. 
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Figure 4. Plots of isopotential lines on the mesh of fig. 3 (anterior view). The 
stepsize between the isopotential lines is the same in all plots. Negative lines are 
dashed. The zero Une is dashed in larger segments. In the difference plots (figs 4d 
an 4e) the area within half a stepsize around zero is shaded. 
4a: Potential distribution on the abdominal surface caused by a current dipole inside 
the abdomen at the position of the fetal heart as computed by the boundary element 
method. 
4b: Potential distribution estimated from the potentials at the electrode points (see 
fig. 3) as computed by method A. 
4c: Potential distribution estimated from the potentials at the electrode points (see 
fig. 3) as computed by method B. 
4d: Difference between the result of method A (fig. 4b) and the actual potential 
distribution (fig. 4a). 
4e: Difference between the result of method В (fig. 4c) and the actual potential 
distribution (fig. 4a). on 
Interpolation on a triangulated 3D surface 
Figure 5. Triangular mesh of human torso. The points which are used as "electrode 
points" are indicated by bold circles, fig. 5a is an anterior view , slightly from above 
and fig. 5b is a posterior view. 
Figure β. Plots of isopotential lines on the mesh of fig. 5 (anterior view). The 
stepsize between the isopotential lines is the same in all plots. Negative Unes are 
dashed. The zero line is dashed in larger segments. 
6a: Potential distribution estimated from the potentials at the electrode points (see 
fig. 5) as computed by method A. 
вЬ: Potential distribution estimated from the potentials at the electrode points (see 
fig. 5) as computed by method B. 
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Í 
f(x) 
χ — » x » 
a b 
Figure 7. 
7a: Plot of the result of the one dimensional analogem of method A. The points at 
which the function values are known are displayed bold. 
7b: Plot of the result of the one dimensional analogon of method B. The points 
at which the function values are known are bold. They are the same as the ones in 
fig. 7a. 
In one dimension method В yields a smoother line than method A (fig. 7). 
Extremes may occur at positions at which the function values are not known. As 
a result, method В may, for instance in potential measurements using electrodes, 
reconstruct extremes at positions where no electrodes were placed. Method A 
does not have this ability. This is a manifestation of Earnshaw's theorem [15]. 
This eifect is clearly shown by example b (fig. 4). Method В finds, reasonably 
accurately, the position and size of the extremes, in contrast to method A. 
Fig. 7 indicates that method В may give better results, as it gives a smoother 
estimate. 
Both examples a and b show that the estimate constructed by method В 
resembles the actual function more closely than does the estimate constructed by 
method A. This can be seen by considering the plot of the difference between the 
estimate and the actual function, as well as by considering the relative difference. 
In both cases method В gives a substantially smaller difference. In example 
с the actual potential distribution is not known. The differences between the 
results of both methods are substantial at areas where few electrodes are placed. 
We have studied the advantage of (the more complex) eq. (9) as a constraint 
rather than the simple direct neighbour averaging (eq. 7) by repeating the 
computations, now based on eq. (7). The relative differences in this case were 
found to be 0.429 and 0.094 in example a for method A and В respectively, and 
0.373 and 0.254 in example b , so eq. (9) gives little improvement over eq. (7) 
if the mesh is fairly regular, like in example a, and a l u g e improvement if the 
mesh is irregular, like in example b . In view of the observed high quality of 
interpolation procedure В (considering the small number of points at which the 
I 
f(x) 
! i i · 
• : : : : : : : · 
: : : : ! : : : : · 
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function values axe considered to be known in the examples) we have refrained 
from considering more complex approximations to the Laplacian in the most 
general case [8]. The main purpose of this paper has been to demonstrate that 
interpolation method A (Laplacian appUed to points for which the function 
values axe to be found) may be extended to all points considered (method B). 
The choice to minimize the Laplacian of the function is just one of the many 
that can be made to construct an interpolation of a function. In general, there 
is no answer to the question what interpolation scheme is optimal. The interpo­
lation scheme should be designed according to the general principal that the a 
priori known properties of the function to be estimated should be incorporated 
as well as feasible. For instance, if one knows beforehand that the function is 
linear, one should use a interpolation method which yields linear estimates. 
Keeping this general principal in mind, we can see why the minimization 
of the Laplacian is particulary suited for volume conduction problems. The 
potentiell φ inside a volume conductor fulfil the equation Α
υ
φ = 0, where Δ„ 
denotes the Laplacian in three dimensions, at places where there is no current 
source and the medium is (locally) homogeneous. The value of Δ,<^ = 0 is, in 
its discrete form, proportional to the amount of electric current flowing towards 
the boundary. Since at the boundary the normal component of the electrical 
current density is essentially zero, the local minimization of Δ,φ = 0 is an 
obvious choice, as is the uniform extension of this constraint over the entire 
(global) surface. Within this context method A can be viewed as treating the 
volume conductor as a thin (two dimensional) layer having the shape of the 
surface of the volume conductor, whereas method В allows the interior of this 
surface to become manifest (extension to three dimensions). 
In cases where the Laplacian is considered being suitable as a constraint in 
an interpolation procedure (be it in potential theory or other physical prob­
lems in which the Laplacian is zero for the passive part of the medium, like 
heat conduction, diffusion etc.) we maintain that this constraint should be 
applied uniformly to all points considered. That this is indeed possible was 
demonstrated in this paper. 
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Source parameter estimation in 
inhomogeneous volume conductors of 
arbitrary shape * 
Abstract 
In this paper it is demonstrated that the use of a direct matrix in-
verse in the solution of the forward problem in volume conduction prob-
lems greatly facilitates the application of standard, non-linear parameter 
estimation procedures for finding the strength as well as the location of 
current sources inside an inhomogeneous volume conductor of arbitrary 
shape from potential measurements at the outer surface (inverse proce-
dure). This in turn facilitates the inclusion of a priori constraints. Where 
possible, the performance of the method is compared to that of the Gabor 
Nelson method. Applications are in the fields of bioelectricity (e.g. elec-
trocardiography and electroencephalography). 
Keywords: Volume conduction - parameter estimation - inverse 
solutions - bioelectricity - Gabor Nelson equations 
1 Introduction 
A well known problem in bioelectrical modelling is the estimation of the electri-
cal source inside a volume conductor from potential measurements at the outer 
surface. This problem is often referred to as the "inverse problem", in contrast 
to the so called "forward problem", which involves the calculation of the poten-
tial distribution at the outer surface of the volume conductor generated by an 
electrical source of known properties (like position, configuration and strength). 
Methods have been described to find the position as well as the strength 
of current dipole sources, or more general source specifications like multipole 
expansions, inside a volume conductor in those cases for which the geometry 
allows an analytical solution to the forward problem. However, such analyti-
cal solutions are only possible for relatively simple geometries, like concentric 
spheres [18], or cylinders [5,19]. 
'IEEE Trans. Btomed. Eng. fin pressj 
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A well known method for finding the position and strength of a single dipolar 
source inside a volume conductor of arbitrary shape is the use of the Gabor 
Nelson equations [8]. This method, however, has two major restrictions. In the 
first place, it can only be used for homogeneous volume conductors. Secondly, 
to solve the Gabor Nelson equations one has to be able to specify the potential 
in any point of the surface, in order to be able to calculate integrals of the 
potential over the surface. In practice, the potential values are available at a 
restricted number of electrode positions only. As a consequence, to solve the 
Gabor Nelson equations one has to find the full potential distribution through 
interpolation. This results in a limited accuracy of such an inverse procedure. 
When merely the strength is to be determined of sources of which the location 
is known a priori, the above limitation of the restricted lead set is lifted, as is the 
restriction to homogeneous volume conductors. To this end the forward problem 
is solved by using some appropriate method (the boundary element method 
[2] or the finite element method). In these cases the resulting solution yields 
(linear) transfer coefficients between the source strength parameters considered 
(e.g. dipole strength in the case of a dipolar source) and the discrete set of 
observation points at the surface. The inverse procedure in this case merely 
involves the solution of the resulting overdetermined system of Unear equations 
[6]. In section 3 this procedure is briefly discussed as an introduction to the 
more general situation described below. 
When in addition to the source strength the location of the source is also 
to be found the problem is more comphcated. The relationship, in the forward 
sense, between source parameters (location) and resulting surface potentials is 
no longer linear. One of the solution methods found in Uterature is the use of 
equivalent multipole components at an arbitrary reference point inside the vol-
ume conductor [23]. The multipole expansion in respect to that same reference 
point of a dipole is expressed as a non-hnear function of the dipole position and 
strength. The position and strength are found by fitting the multipole com-
ponents of the dipole to the equivalent multipole components in a non-Unear 
parameter estimation procedure. 
This indirect (two step) method has been used to find two moving dipole 
sources inside a spherical volume conductor [14] and inside a piecewise homoge-
neous volume conductor of arbitrary shape [10]. A disadvantage of this method 
is that it can only be applied if all current sources are within a homogeneous 
sphere around the point at which the equivalent multipole components are de-
termined. 
In the direct method to be presented here, the surface potentials themselves 
are expressed (forward procedure) as a non-linear function of the source pa-
rameters. General methods of non-linear parameter estimation may be used for 
which an initial estimate of good quality of the source parameters is required. 
The more efficient parameter estimation algorithms [9] do not only need the 
potential distribution, but also the partial derivatives of the potential to the 
parameters to which is being optimized (i.e. position and strength parame-
ters in the case of a current dipole source). As these derivatives can also be 
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looked upon éis potentials generated by some source (as we will show later), 
their calculation also involves solving the forward problem. 
Up until now the matrix equation resulting from the numerical expression 
of the forward problem has commonly been solved by time consuming iterative 
procedures. As a result, it has not been feasible to estimate the position of 
the source using non-linear parameter estimation methods for inhomogeneous 
volume conductors of arbitrary shape. Recent developments in computer speed 
and memory size however have made it possible to compute a direct inverse of 
the associated matrix A within reasonable time [6]. This procedure is described 
in section 2. Once this inverse has been obtained for a certain volume conduc-
tor, the forward problem can be solved very fast for any choice of the source 
parameters of a source within this volume conductor. 
In section 4 a procedure is presented which uses a direct inverse of the matrix 
A in connection with a non-linear least squares parameter estimation method 
(NLLS) to find the position as well as the strength of a current source inside a 
volume conductor from potential measurements at a limited number of points on 
the outer surface. Such NLLS procedures relay heavily on an appropriate initial 
estimate of the parameters. Usually a suitable estimate of the initial position 
of the source is imphed in the formulation of the problem (e.g. the center of 
gravity of the volume conductor). From such a known (assumed) position the 
initial estimate of the source strength may be derived from the more simple, 
basic problem of linear least squares (LLS) estimation. This topic is discussed 
in section 3. 
2 Forward calculation using boundary element 
method 
Consider a volume conductor consisting of homogeneous and isotropic compart-
ments, bounded by surfaces of arbitrary shape. The potential at any point f * 
inside this volume conductor generated by a current source somewhere inside 
this volume conductor is given by [2]: 
¥>(П = — Voc(r-) - -!- Σ ^ ^ / ν^Ίω, (1) 
σ
Γ
 4 π
 1=ι στ Jsi 
with: 
S( : surface bounding compartment ¿, 
N, : number of surfaces, 
σ, : conductivity of medium at position source, 
af : conductivity of medium just outside S¿, 
σϊ : conductivity of medium just inside Si, 
σ~ : conductivity of medium at observation point r *, 
φ^. potential in infinite medium with conductivity σ,, 
άω: solid angle of a infinitesimal surface element dS as seen from f *. 
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The surfaces can be discretized by triangulation. Let Ni the number of dis­
cretization points on surface Si. Then the potential at point i on surface к can 
be approximated by the solution [4] of 
φ
· = £<-- έ Σ ( Σ ^ ^ а д ) . (2) 
in which Ω*' is a weighted average of the solid angles over the triangles around 
point j as seen from point г. A little rearranging yields 
with ω*' = Ωί/ for (г,к) φ (j,í), and ω* = Ω** - 2π; see [6]. If we define a 
matrix В and a vector g as 
2σ.
 à 
we can set up the system of Linear equations 
φ = g + Βψ. (4) 
Note that В is determined exclusively by the properties of the volume conductor, 
and that g is determined by the current source (strength and position), as well 
as by the properties of the volume conductor. This linear system is singular, 
which is a manifestation of the fact that the potential caused by a current source 
is determined up unto a constant. This singularity can be removed by using a 
technique called deflation [11]. 
The resulting set of equations is commonly solved iteratively [3]. However, 
on a computer system with a large memory it is feasible to solve this system 
directly [6]. To do so, we move φ to the left-hand side and define A = I — B, 
hence 
Αφ = g. (5) 
Once the inverse Л - 1 of A is found, tp can be obtained from 
<P = A-1* (6) 
We are using a LU decomposition of matrix A [7, ch. 3], which effectively yields 
an inverse. Since A is exclusively determined by the properties of the volume 
conductor, the potential distribution generated by any source inside that volume 
conductor can be found at little computational cost from (6) once A"1 has been 
obtained. This is particulary useful when many different sources have to be 
considered within one and the same volume conductor as is the case when using 
a non-linear parameter estimation procedure (see section 4). 
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3 Linear least squares inverse (LLS) 
Consider a volume conductor, containing a source described by a set of pa­
rameters p . In section 2 it was shown that the potential distribution <p(p) on 
the discretization points of the volume conductor can be computed from the 
potential generated by that source in an infinite medium. Suppose we have a 
measurement of the potentials at a number of electrode positions, which are a 
subset of the discretization points of the outer surface. We reduce the vector 
^ ( p ) to the vector ^
e
( p ) , which contains the potentials at the electrode posi­
tions. Let rl)
e
 be the vector which contains the measured potentials at these 
electrode positions. The inverse problem can now be stated as: find the (least 
squares) solution to 
V.(P) = VV (7) 
In this section we demonstrate the use of the boundary element method to 
obtain those source parameters to which the potential is linear. The example 
shown is the often used model of a current dipole at a known position inside 
a volume conductor. Let f be the known position of the dipolar source. The 
parameter set ρ which we want to find from the observed potential values at 
the n
e
 electrode points is the dipole vector D. 
To obtain the expression for <p(D), we solve the forward problem (5) for this 
case for dipoles of unit strength in x, y and ζ direction. The potential at point 
r, generated by a dipole D at position г in an infinite medium with conductivity 
σ is given by: 
φ
°°'
 =
 \Γσ -¡¡Γ ' ( 8 ) 
in which R, = г't — r , and R is its length. 
The vector g
x
 for a dipole of unit strength, pointing in the χ direction, is 
given by 
^ '
 =
 2*{σ;+σϊ) 'W ' ( 9 ) 
with RXil the χ component of Л,. 
Solving the forward problem yields the corresponding potential distribution 
<p
x
. In the same way the potential distributions <py and φζ due to unit dipoles 
in у and ζ direction may be found. The potential distribution φ
χ
 generated by 
a dipole with components D
x
, £)„ and Dz can now be expressed as 
φ = Ο
χ
φ
χ
 + Dytpy + Dz<fiz, or 
ψ = Td, (10) 
in which Τ = (φ
χ
, φ9, φζ) and d = {Dx, Dy, Dz). 
The inverse problem (7) can now be expressed as: find the (least squares) 
solution to 
Ted = ф
е
. (11) 
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Prom (11) we see that in the case of a dipole at known position the inverse 
problem at hand is linear in the source parameters ρ = d. Usually, this is an 
overdetermined system of n
e
 equations in 3 variables (D
x
, Dy and Dz), which 
can be solved by using the pseudo inverse [7, ch. 7]. In the case of a measurement 
^ E (<) which involves a time varying dipole D(t), (11) can be solved for each 
individual time sample. 
The method described in this section can also be used for other than dipolar 
sources; one merely needs an expression for the potential caused by that source 
in an infinite medium, specified in terms of the parameters (strength) of the 
constituting elementary components (e.g. multipole expansion) provided that 
such an expression is linear in the source parameters (superposition principle). 
4 Non-linear least squares (NLLS) 
We now turn to the more general situation where one wants to find source 
parameters to which φ is non-hnear. To obtain the least squares solution of 
(7) in this case, we will use the boundary element method in connection with a 
non-linear parameter estimation procedure (NLLS: Non-Linear Least Squares). 
Let the error function E(p) be the RMS norm of V^ — <p
e
(p)· Obtaining the 
least squares solution to (7) is equivalent to finding the set of parameters ρ for 
which E(p) is minimal. A non-Unear parameter estimation procedure will find 
a new set of parameters p*. from a previous set pk-i at iteration step к such 
that E/, < Ek-i and will re-iterate this procedure as long as Ек-\ — £/,> e > 0, 
with e some desired level of accuracy. 
The more efficient parameter estimation techniques make use of the partial 
derivatives of the error function with respect to all parameters [9]. So, when us-
ing an efficient parameter estimation procedure, we have to obtain the potential 
at the electrode positions as well as the partial derivatives of the potential to 
all parameters involved at each iteration step к of the parameter optimization 
procedure. In section 2 we have shown that, once the inverse of the matrix A 
has been found, the potential for any source, which is a non-hnear function of 
the parameter vector p , can be found at little computational cost. We can take 
the partial derivative to parameter р ; at both sides of (5): 
±(A<p) = -*-{g). (12) 
OPj op, 
As A depends on the properties of the volume conductor only we can write 
4"- • 
dpj 
θφ 
Op, 
= - — , hence 
op, 
dp, 
(13) 
rated 
by a source which generates a field ^8- in an infinite medium. As a result, the 
The elements of the vector -¡f can be interpreted as the potentials gene
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potential as well as the partial derivatives of the potential to all parameters 
involved at each iteration step к of the parameter optimization procedure can 
be obtained at little computational cost. 
Now that we have found an efficient method to find both ^ ( g ) and g. , 
j = 1 , . . . , m (where τη is the number of parameters), we can use a wide range of 
non-linear parameter estimation procedures to obtain the optimum parameter 
set p . In our research we use a variant of the Marquardt procedure [12]. 
In the case of a dipolar source αί unknown position the source parameters 
which we want to obtain from the measurement Ve a x e ^ e vector strength 
(DX,DV,DZ) and the position (rx,ry,rz) of the dipole. The expression for g in 
this case can be found from (8). The derivative of g to the dipole strength in χ 
direction (D
x
) is given by 
i » L
 =
 I Д * і (14) 
dD, 2π((τΓ+σ, + ) Я? ' V ' 
with analogous expressions for £*- and J^-. The partial derivative to the χ 
component of the dipole position (τ^) is given by 
dr
x
 2π(σ1 +σ 1 +) ^ Л? Щ 'J 
This can be recognized as being a source of a quadrupolar nature, as of course 
should be the case. 
5 Results 
In this section we demonstrate the application of the NLLS method to a number 
of cases. As a measure for the goodness of fit the relative residual difference 
ε will be used; this is the RMS value of the difference between the potentials 
calculated from the estimated dipole position and strength and the observed 
potentials, divided by the RMS value of the observed potentials: 
ε = 
Ν 
1.2 ¿Σν-.  
>=1 / 
In those examples to be shown which are simulations, the "observed" potentials 
are computed from a known source, so it will be possible to specify the error of 
the estimate. In practical situations (as in example d ) this is obviously not the 
case, and one has to rely on the relative residual difference. 
In the NLLS results to be shown the initial strengths of the sources were 
derived from an assumed initial position using the LLS method (section 3). All 
variables will be expressed in arbitrary units. 
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Figure 1. Triangular mesh of a sphere consisting of 42 points and 80 triangles. 
The points which are used as "electrode points" in the second part of example a are 
indicated by bold circles ' O ' · 
a: current dipole inside a homogeneous sphere. 
Consider a homogeneous sphere of conductivity 1 with a radius 1. For this 
sphere the potentials at the vertices generated by a unit current dipole, situated 
halfway between the top and the center and directed in the plane y — 0 at 45° 
with the z-axis have been calculated analytically [18]. These analytical (exact) 
values serve as the vector of observations Vv Fig. 1 shows a triangulation of 
this sphere consisting of 80 triangles and 42 vertices, based on the projection 
of a refined icosahedron on this sphere. 
The NLLS inverse procedure is used to find the position and strength of the 
Table I. The estimate of the position f and strength D of a current dipole inside 
a homogeneous sphere as found by the NLLS and by the Gabor-Nelson method, 
together with the corresponding remaining relative differences. The bottom row 
shows the actual source parameters. 
method 
NLLS 
GabNel 
actual 
values 
ε 
0.002 
0.117 
D 
0.987 
0.874 
1.000 
Dz/D 
0.708 
0.707 
0.707 
DJD 
0.000 
0.000 
0.000 
DJD 
0.706 
0.708 
0.707 
г
г 
0.001 
-0.001 
0.000 
r
v 
0.000 
0.000 
0.000 
Γζ 
0.503 
0.500 
0.500 
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a b 
Figure 2. The position and dipole strength at the consecutive steps of the 
NLLS procedure starting from two different initial positions. Fig. 2a depicts from 
top to bottom the position, strength and relative difference when starting from 
(-0.2,0,-0.2), Fig. 2b depicts the same when starting from (-0.4,0,-0.4). The 
actual position of the dipole source is at (0,0,0.5), with strength (£\/2,0, \\/2). 
dipole. As an initial estimate the position was put at ( -0 .2 ,0 , -0 .2 ) ; in a second 
run it was put at ( -0 .4 ,0 , -0 .4 ) . Fig. 2 depicts the position, dipole strength and 
relative difference at the consecutive iteration steps of the parameter estimation 
procedure. Table I shows the final results. The complete procedure in this 
examples takes about 13 s CPU on a VAX 780 under VMS, of which the setting 
up of the matrix A and its inversion takes 4s. Table I also shows the results 
found by using the Gabor Nelson method. 
In the above example we have used the potentials at all discretization points. 
Next we consider the situation in which the potentials are only known at the 12 
"electrode" points depicted in fig. 1. As explained in section 4, it is still possible 
to estimate the position and strength of the dipole from this limited data set. 
The results are listed in table II. It is not possible in this situation to use the 
Gabor Nelson method straight away; first the potential at the missing points of 
the discretization have to be estimated. Table II shows the results of the Gabor 
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Figure 3. Triangular mesh of the outer sphere of two concentric spheres with 
different conductivities. The sphere consists of 320 triangles and 162 vertices. The 
points which are used as "electrode points" are indicated by bold circles 'O ' · 
Nelson method after applying two different interpolation schemes [16] to fill in 
the missing data. In Gabor Nelson method 1 the missing potentials are found 
by demanding the Laplacian of the potential to be zero at those vertex points 
where the potential is not known; in method 2 they are found by minimizing 
the Laplacian at all vertex points. 
b: current dipole inside an inhomogeneous sphere. 
Consider two concentric spheres of radii 1 and 0.75 and conductivities 1 and 0.1 
respectively. A current dipole is placed inside these spheres at the same position 
and with the same orientation as in example a. In this situation it is possible to 
compute the potentials i^e at the outer surface analytically [1]. Fig. 3 shows a 
triangular mesh of the outer sphere. The inner sphere is similarly triangulated. 
Because of the inhomogeneity in this problem, a denser triangulation than the 
one in example a has to be used [13]. Each sphere consists of 320 triangles and 
162 vertices. Fig. 3 also shows the 42 electrode points at which the potential 
was calculated. From these data the position and strength of the dipole was 
estimated using the NLLS method. The initial estimate of the dipole position 
weis taken to be the center of the spheres. Table III shows the results. The NLLS 
procedure in this example takes about 9 minutes CPU on a VAX 780 under 
VMS, of which the setting up of A takes about 4 minutes, and the inversion of 
A about 2 minutes. 
As the geometry in this example is inhomogeneous, it is not possible to use 
the Gabor Nelson method. 
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Table I I . The estimate of the position f and strength D of a current dipole inside 
an homogeneous sphere as found by the NLLS and by the Gabor-Nelson method 
supplemented by two different interpolation methods, using only the potentials at a 
part of the discretization points, together with the corresponding remaining relative 
differences. 
method 
NLLS 
GabNel 
method 1 
GabNel 
method 2 
actual 
values 
e 
0.001 
0.395 
0.098 
D 
0.983 
0.696 
0.938 
1.000 
D./D 
0.707 
0.609 
0.609 
0.707 
Dy/D 
0.000 
0.000 
0.000 
0.000 
DJD 
0.707 
0.792 
0.792 
0.707 
r
x 
0.001 
-0.070 
-0.084 
0.000 
r
v 
0.000 
0.000 
0.000 
0.000 
Γζ 
0.502 
0.399 
0.473 
0.500 
Table I I I . The estimate of the position г and strength D of a current dipole in­
side an inhomogencous sphere as found by the NLLS method, together with the 
corresponding remaining relative difference. 
method 
NLLS 
actual 
values 
ε 
0.001 
D 
1.032 
1.000 
Dz/D 
0.707 
0.707 
Dy/D 
0.000 
0.000 
Dz/D 
0.708 
0.707 
r
x 
0.000 
0.000 
r
v 
0.000 
0.000 
Γζ 
0.512 
0.500 
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Figure 4. Triangular mesh of the abdomen of a pregnant woman. The points which 
are used as "electrode points" are indicated by bold circles. Fig. 4a is an anterior 
view, slightly from above, and Fig. 4b is a posterior view, slightly from below. 
c: current dipole inside an arbitrary shaped homogeneous volume 
conductor. 
Here we consider the volume conductor shown in fig. 4. The triangulation 
consists of 320 triangles and 162 points. This example is taken from a study on 
the volume conduction aspects of the fetal electrocardiogram [15]. The volume 
represents the abdomen of a pregnant woman, and the electrica^ current dipole 
is located at the position of the fetal heart. Fig. 4 also shows the position of 32 
electrodes on this mesh. In this situation an analytical solution is not possible. 
The potentials il>
e
a.t the electrode positions generated by dipoles of unit strength 
in the x, y and ζ direction have been obtained by using the boundary element 
method. From these data the position and strength of the dipole were estimated 
using the NLLS method, and also by using the Gabor Nelson method backed up 
by the two interpolation methods described above. The initial estimate of the 
dipole position was taken to be the center of gravity of the volume considered. 
The results are listed in table IV. The complete NLLS method in this example 
takes about 3 minutes CPU, of which the setting up and the inversion of the 
matrix A both take about half a nunute. 
d: fetal vector cardiogram. 
In the research mentioned in с a 32-lead average fetal QRS-complex was 
obtained at the electrode positions, consisting of 30 samples at 2 ms intervals 
(fig. 5) [15]. The geometry of the maternal abdomen was measured and from 
this geometry the triangulation shown in fig. 4 was constructed. The position 
and strength of the assumed equivalent dipole source were determined using 
the Gabor Nelson backed up by an interpolation method and by the NLLS 
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Table IV. The estimate of the position г and strength D of a current dipole inside 
the volume conductor described by fig. 4 as found by the NLLS and by the Gabor-
Nelson method, together with the corresponding remaining relative differences. 
method 
NLLS 
GabNel 
method 1 
GabNel 
method 2 
actual 
values 
ε 
0.002 
0.217 
0.122 
D 
1.000 
0.784 
0.909 
1.000 
DJD 
1.000 
0.998 
0.999 
1.000 
Dy/D 
0.000 
-0.015 
0.034 
0.000 
Dz/D 
0.000 
-0.062 
-0.027 
0.000 
r
x 
0.705 
0.488 
1.030 
0.704 
r
v 
14.12 
15.23 
14.80 
14.12 
г
г 
-4.000 
-3.044 
-3.442 
-4.000 
-A-
6 0 ms 
.A-
j\^J\ J\ JL A, A, 
-A-
-A_ 
18 i/V 
Figure 5. Map of the abdomen showing the 32-lead average fetal QRS complex 
as recorded simultaneously at the maternal abdomen. The bold Unes represent 
the maternal abdomen and back (cylinder projection, cut open at the back and 
unfolded). 
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method (initial estimate of the dipole position as in c). In both methods a 
dipole position was found for each sample moment separately. Fig. 6a and b 
show the equivalent dipole as a fetal vector cardiogram. Fig. 7a and b depict 
the position of the equivalent dipole throughout the fetal QRS complex. The 
relative difference ε (now computed over all Nt = 30 time samples considered) 
is 0.26 in the Gabor Nelson method, and 0.16 in the NLLS method. 
In a further analysis, again using the NLLS method, the position of the 
dipole was (more realistically) constrained to be stationary throughout the fetal 
QRS-complex, whereas the strength of the dipole was allowed to change in 
magnitude and orientation. In this case the dipole strengths ^ ( í , ) , i = 1 , . . . , Nt, 
as well as the position vector f were derived by minimizing the error function 
Í 1 "' N· , ч 2 \ ' 
E(Dl,...,DK,1^=ij^Y/£(fl,v-v4{Dt,ri) J . 
In this expression Ne is the number of electrode positions. The resulting equiv-
alent dipole is displayed in fig. 6c, and its position in fig. 7c, which also shows 
the position of the fetal heart as observed by echography. The relative differ-
ence is 0.20. The position found by the NLLS procedure differs by 2 cm from 
the position of the feted heart as observed by echoscopy prior to the potential 
measurements. 
e: two monopoles inside an inhomogeneous volume conductor of ar-
bitrary shape. 
It has been suggested that in late pregnancies the fetus was surrounded by a 
isolating layer, and as a consequent all current leaving the fetus flows through 
two holes in this layer [20]. This suggests the model of two current monopoles 
of opposite strength inside a inhomogeneous volume conductor. In the research 
mentioned above a triangular mesh of the fetus was obtained by the use of 
echoscopy. Fig. 8 shows a cross-section of the meshes of the maternal abdomen 
and the fetus. 
As a further test of the NLLS method two current monopoles of strength 1 
and —1 were positioned inside this geometry as depicted in fig. 8. The conduc-
tivity inside the fetus is taken to be zero. The potentials ipe at the 32 electrode 
positions were computed using the forward boundary element method. The 
positions and the strength of the monopoles were estimated using the NLLS 
method (the strengths of the monopoles were constrained to be of the same 
absolute value but of different sign). The results are listed in table V. Fig. 8 
depicts the initial and final estimate of the monopole positions. 
Note that in this situation it is not possible to construct a homogeneous 
sphere containing both monopoles, so the (indirect) method using the equivalent 
multipole expansion [10] mentioned in the introduction can not be used here. 
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Figure β. Fetal vector cardiogram. The projection of the development of the equiv­
alent dipole source during a fetal QRS-complex is plotted on the three perpendicular 
planes which are used in vectorcardiography. In this case the reference frame is fixed 
to the fetus. The x-axis is pointing to the left, the ¡/-axis to the feet, and the z-axis 
to the back of the fetus. Open symbols indicate the position of the vector at 2 ms 
intervals, connected by straight lines representing linear interpolation of the data. 
6a: Gabor-Nelson. 
6b: NLLS; position varying throughout the fetal QRS complex. 
6c: NLLS; position constrained to a single position throughout the fetal QRS com-
plex. 
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Figure 7. Projection of the position of the equivalent dipole source during a fetal 
QRS complex onto a plane through the position of the fetal heart as observed by 
echography. The size of the symbols is proportional to the strength of the equivalent 
dipole. The plots also show the cross-sections of the maternal abdomen and fetal 
body with this plane. 
7a: Gabor-Nelson. 
7b: NLLS; position varying throughout the fetal QRS complex. 
7c: NLLS; position constrained to a single position throughout the fetal QRS com­
plex. 
Fig. 7c also depicts the position of the fetal heart as observed by echoscopy as a 
small, closed symbol '>'. 
Table V. The estimate of the positions fi and fi and the strength I of two current 
monopoles inside the volume conductor described by fig. 8 as found by the NLLS 
method, together with the corresponding remaining relative difference. 
method 
NLLS 
actual 
values 
ε 
0.0002 
I 
0.9999 
1.0000 
»•i. 
5.1453 
5.1459 
П. 
14.622 
14.622 
гь 
9.0834 
9.0829 
»•2. 
2.7856 
2.7850 
r 2 v 
14.058 
14.063 
Г2, 
-13.017 
-13.018 
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Figure 8. Frontal view of the a cross-section of the triangular meshes of the ab­
domen of a pregnant woman and the fetus. The positions at which the monopoles 
are placed are indicated by a '-(-'-sign. The initial estimate of the positions for the 
NLLS method are indicated by a ' χ'-sign. Open circles ' 0 ' mark the final positions 
found by the NLLS method. 
6 Discussion 
The examples given show that the presented method works well for volume 
conductors of arbitrary shape with piecewise homogeneous conductivity. 
In previous research where the position of the source was not known, the 
Gabor Nelson method has been used, in which case the volume conductor was 
approximated as homogeneous. И this was considered too large an approxi­
mation, the actual geometry was fitted by a more simple one which allows an 
analytical solution (e.g. concentric spheres in electroencephalography [21,22] or 
electrocardiography [1]). 
For the homogeneous case, the NLLS method was compared with the Gabor 
Nelson method. If the potential is known at all vertex points of the triangulated 
surface the integral of the potential over the surface (which is computed in 
the Gabor Nelson method) is estimated by using a linear interpolation of the 
potential over the triangular elements based on the potentials at its vertex 
points. The slight underestimation of the dipole strength by the Gabor Nelson 
method in example b is largely explained by the fact that the surface of the 
triangulated representation of the sphere has only 93% of the surface of the 
sphere. In all other respects the accuracies of the NLLS and the Gabor Nelson 
inverse solutions are comparable (see table I). 
If the potential is only known at a few points, the potential on the complete 
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surface must be estimated by interpolation in order the use the Gabor Nelson 
method. This will result in larger errors, especially if the points at which the 
potential is known do not cover large segments of the surface, as will often be 
the case in measurements. When an appropriate interpolation method is used 
the accuracy of the Gabor Nelson inverse is acceptable but inferior to that of 
the NLLS procedure (table II). 
The NLLS method may work well as long as the number of points at which 
the potential is known exceeds the number of degrees of freedom of the current 
source. However, it is advisable to measure the potential at more points, since 
this overdetermination gives a means of monitoring the goodness of fit. 
The main advantage of the NLLS based inverse procedure over the Gabor 
Nelson method is that the former is capable of dealing with mhomogeneous vol­
ume conductors of arbitrary shape (section 5b). Moreover the NLLS method 
can easily incorporate constraints, as demonstrated in section 5b where the 
source position weis constrained to be stationary. Of course the relative differ­
ence in the latter case is larger then in the case of a unconstrained position, 
because of the smaller number of degrees of freedom. 
The accuracy of the inverse solution depends on the quality of the implied 
forward computations, which in its turn depends on the discretization of the 
volume conductor. If a priori a crude estimate of the source position is avail­
able, the quality of the forward computations can be improved by adapting 
the discretization of the volume conductor. As an example of this, we have 
repeated the computations for the case of example b , now based on an assumed 
a priori knowledge of the dipole position around (0,0,0.5). A triangulation 
of the spheres based on a projection of a refined icosahedron at this position, 
instead of at the origin as in example b, weis constructed. This results in an 
improved accuracy of the computed A matrix, which in its turn improves the 
accuracy of the inverse solution. The results obtained for this configuration 
found by the NLLS method were: estimated strength 1.013, estimated position 
(0.000,0.000,0.503), for which the relative difference is 0.001, which is a clear 
improvement over results shown in table III. 
The examples demonstrate that the method can easily be applied to current 
sources of a general nature (shown are dipoles and multiple monopoles). The 
starting point is the specification of the (infinite medium) potential generated by 
that source (4) and its partial derivatives with respect to the source parameters 
(13). 
The individual elements of the method presented are not new. However, 
by using the direct inverse in the computation of the forward solution it was 
demonstrated that these general least squares methods may be easily applied 
to an inhomogeneous volume conductor of arbitrary shape. 
The number of calculation steps to solve (4) in ал iterative matrix inversion 
is of the order к • N2, in which N is the dimension of the matrix, and к is 
the number of iteration steps needed. The direct inverse takes of the order of 
N3 steps. Each solution thereafter takes І 2 steps. In an non-linear parameter 
estimation procedure (4) has to be solved ρ = ί • m times, in which f is the 
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n u m b e r of i t e r a t i o n s teps needed in t h e e s t i m a t i o n p r o c e d u r e a n d m is t h e 
n u m b e r of source p a r a m e t e r s plus one. T h e t o t a l n u m b e r of c o m p u t a t i o n s teps 
needed is of t h e order ρ • к • Ν2 if a n i tera t ive p r o c e d u r e is used t o solve (4), 
a n d N3 + ρ · ΛΓ2 if a direct inverse is used. For typica l values for p , к a n d N in 
t h e case of a single s a m p l e m o m e n t (p = 100, к = 10, N = 100), t h e n u m b e r 
of s teps n e e d e d is 10 7 a n d 2 · 10 е respectively. If (4) is t o be solved for m o r e 
s a m p l e m o m e n t s , t h e ra t io increases. 
As d e m o n s t r a t e d , t h e use of a direct inverse, a n d t h e fact t h a t t h e p a r t i a l 
derivatives of t h e potent ia l s t o t h e source p a r a m e t e r s m a y be h a n d l e d as po­
tent ia l s g e n e r a t e d by a source genera t ing a field s*- in a n infinite m e d i u m (13), 
g reat ly faci l i tate t h e non-linear paremieter e s t i m a t i o n p r o c e d u r e t o e s t i m a t e t h e 
source p a r a m e t e r s . 
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The electrical properties of tissues involved 
in the conduction of the fetal ECG * 
Abstract 
Data on the electrical properties of the tissues involved in the con­
duction of the current from the fetal heart to the maternal abdomen are 
scarce in the literature. We measured the conductivities of human fetal 
membranes, Wharton's jelly and vernix caseosa in vitro after birth using a 
four point method. The conductivities of the fetal membranes (0.4 П ^ т - 1 
at 50 Hz) and Wharton's jelly (1.4 Ω ^ ι η - 1 at 50 Hz) were found to be 
of the same order of magnitude as those of the surrounding tissues. The 
conductivity of vernix caseosa (1.8 10"β Ω 1 m _ 1 at 50 Hz) is much lower. 
Keywords: electrical conductivity - biological materials - fetal ECG 
- volume conduction model 
1 Introduction 
The analysis of abdominal recordings of the human fetal electrocardiogram 
(FECG) is hampered by the large inter- and intra-individual vaxiability of the 
observed signals. Partially, this variability is caused by the variability of the 
fetaJ presentation. However, (changes in) the inhomogeneities of the electrical 
conduction may also be a major cause. It has been observed that there is a 
decrease in the FECG amplitude between 28 and 32 weeks of gestation [2], 
and it has been suggested that this decrease is caused by the isolating effect of 
the vernix caseosa, which surrounds the fetus at this stage [2,8]. Furthermore, 
some investigators have expressed the opinion that, especially in pregnancies 
of more than 30 weeks of gestation, the current generated by the fetal heart is 
conducted toward the maternal abdomen through preferred pathways (possibly 
holes in the layer of vernix) [6,8]. 
Some attempts have been made to find a qualitative correlation between the 
FECG as recorded at the maternal abdomen and the geometrical distribution of 
the tissues involved in the conduction of the FECG [1,8]. The best way, however, 
to get insight in these phenomena is to construct a volume conductor model 
'submitted to Med. Biol Eng. Comptit. 
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based on the actual geometry, and try to explain the observed potentials at 
the maternal abdomen using this model in connection with a source description 
[7]. In the construction of such a model, the electrical properties of the tissues 
involved in the conduction of the FECG must be known, in order to be able to 
decide which structures should be included in the model. 
In the literature data on the electrical properties of the materials involved in 
the conduction of the FECG are scarce. For the conductivity of human amniotic 
fluid the value 1.66 Q ^ ' m " 1 at 37 0 C , 50 Hz has been reported [2]. For sheep 
amniotic fluid the value 2.04 Ω ^ π ι - 1 at 37°C, 1000 Hz has been given [5]. The 
overall body tissues of the mother and the fetus (muscular tissues, organs) can 
be taken to be homogeneous. A value of 0.222 П " 1 т _ 1 for body tissue as a 
whole seems to be appropriate [5]. 
No value was found in the Uterature for the conductivity of the fetid mem­
branes. It has been suggested that the membranes play an important role in 
the conduction of the FECG, and that they have high-pass properties [1]. Some 
investigators have proposed that the umbilical cord is a preferred pathway for 
the conduction of the FECG. This suggestion implies that the Wharton's jelly, 
which separates the well conducting fetal blood (the conductivity of human 
blood is 1.55 ft-'m-1 at 37 0C in the range from 20 Hz to 5 kHz [3,5]) from 
the also well conducting amniotic fluid, should have a low conductivity. One 
value for the conductivity of the vernix caseosa was found in the literature: 
1.4 ΙΟ" 6 Ω ^ π Τ 1 at 37 0 C , 50 Hz [2]. The measurement technique was not 
described. This value differs by a factor of roughly one million from the con­
ductivities of the other tissues involved, implying an important role for the 
vernix in the conduction of the FECG. 
This study reports on measurements of the conductivities of fetal mem­
branes, Wharton's jelly and vernix caseosa. 
2 Methods 
The conductivity of human fetal membranes, Wharton's jelly and vernix caseosa 
was measured by using a four point method [4]. For this purpose a perspex 
container, depicted in fig. 1, was constructed. The cylindrical container (ra­
dius г = 8 mm) was filled with saline (NaCl 154 mmol I " 1 ) . The material to 
be measured weis fitted between the halves of the container, resulting in two 
compartments filled with saline, separated by the material to be measured. At 
both ends the container is closed by a chlorided silver electrode. At both sides 
of the junction between the two halves small chlorided silver electrodes have 
been fitted at 12 mm from the junction. The four point measurement of the 
impedance of the section between these two electrodes was performed by using 
the circuit depicted in fig. 1. The current strength in the circuit is obtained by 
measuring the potential difference VR across the resistance R. The potential 
difference V
e
 across the two inner electrodes is measured. The impedance Z
e
 of 
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Figure 1. Four point circuit for measuring the conductivity. 1: Material fitted be­
tween the two halves of the container. 2, 3: the two halves of the cylindrical container 
filled with saline. 4, 5: chlorided silver electrodes for the application of current. 6, 
7: chlorided silver electrodes measuring the resulting potential difference. 
the section between the two inner electrodes is derived from 
«•4;·«· (1) 
To improve the accuracy of the measurement and to avoid common mode prob­
lems in the differential measurement of У
е
 the resistance R was chosen such that 
R ~ Z
e
. The impedance Z
m
 of the material fitted between the two container 
halves is found by subtracting the impedance Z, of the saline in the section 
between the inner electrodes from Z
e
. Z, is found by a measurement without 
anything fitted between the two halves. The conductivity σ of the material is 
derived from Z
m
, the thickness d of the layer and the radius г of the cylinder 
as: 
The thickness d was measured using a slide gauge. Because of the compress­
ibility of the fetal membranes and Wharton's jelly the measuring accuracy for 
these materials is 0.5 mm. For vernix caseosa the measuring accuracy is 0.2 
mm. The impedances were measured in the frequency range from 1 Hz to 100 
kHz. Phase difference was measured by displaying д and V«, simultaneously 
on the oscilloscope. To control the temperature during the measurement, the 
container was placed inside a chmate chamber, which was kept at 37 "C. The 
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Figure 2. The conductivity of Wharton's jelly as a function of frequency, as ob­
served using samples of Wharton's jelly of two different subjects. 
material was fitted in the container within one hour after birth. Results are 
presented as mean value ± accuracy of the measurement. 
3 Results 
3.1 Fetal membranes 
The impedance of a single layer of fetal membranes (formed by the chorion and 
the amnion) was too small compared to the impedance of the saline to yield 
a accurate measurement. Hence ал layer consisting of 8 membrane segments 
was fitted in the container. Measurements of the conductivity of segments of 
the membranes from two subjects yielded a value of 0.40 ± 0.05 П _ 1 т - 1 . No 
frequency dependence within the measuring accuracy was observed in the range 
from 10 Hz to 100 kHz, nor was there any phase dependence. 
3.2 Wharton's jelly 
The human umbilical cord normally consists of three blood vessels, embedded in 
Wharton's jelly. A section of umbilical cord was incised in longitudinal direction 
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Figure 3. The conductivity of vernix caseosa as a function of frequency, EIS observed 
using samples of vernix of two different subjects (line 1 and 2). Line 3 was recorded 
using the same sample of vernix as in line 2, but after being fitted in the container 
for 24 hours. The dashed line represents a linear fit through the measurement points 
of Une 2 in the segment from 600 Hz to 80 kHz. 
ana folded open. The segment of jelly thus obtained was fitted in the container. 
In fig. 2 the observed conductivity of samples of Wharton's jelly obtained from 
two different subjects (thickness 2.0 and 2.5 mm) is plotted as a function of 
frequency. There is some change in conductivity in the range from 10 Hz to 100 
kHz. No phase difference was observed. 
3.3 Vernix caseosa 
A small amount of vernix was spreaded out evenly on a piece of tissue paper. 
The piece of paper was then fitted in the container. It was checked that the 
impedance of the (wet) piece of paper was negligibly small compared to the 
impedance of the layer of vernix. Because of the very low conductivity of vernix, 
special care was taken to avoid water junctions between the two compartments 
of the container. 
In fig. 3 the conductivity of samples of the vernix obtained from two different 
subjects observed immediately after the paper with the vernix had been fitted in 
the container is plotted as a function of frequency (line 1 and 2). In the complete 
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frequency trajectory a phase difference of (0.50±0.02)7г was observed. Also the 
conductivity of the same sample as in line 2 observed after being fitted in the 
container for 24 hours is plotted (line 3). In this case the phase difference WEIS 
smaller for lower frequencies, with as minimum (0.40 ± 0.02)π at 1 Hz (the 
thickness of the layer was 1.25 mm). After 24 hours the situation was stable; 
the same values were measured after again 24 hours after this measurement. 
A straight line was fitted through the measurement points of line 2 in the 
segment from 600 Hz to 80 kHz (dashed line). The relative RMS error of the 
fit in this segment is 6.5 10~5. The relation between the conductivity σ and the 
frequency ƒ defined by the fitted Une is 
' =
 Л{І)Ы (3) 
with к = 0.944, A = 0.0363 Ω " ^ " 1 and ν = 1 Hz. 
4 Discussion 
The conductivity of the fetal membranes (0.40 Ω ^ ι η - 1 ) is of the same order 
of magnitude as the conductivity of overall tissue (0.222 Ω ^ π ι - 1 ) . This, in 
connection with the small thickness of the membranes (<0.5 mm), makes it 
feasible not to include the membranes in a volume conduction model describ­
ing the conduction of the FECG. No high-pass properties EIS suggested in the 
literature [1] were found. 
Some frequency dependence was found in the conductivity of Wharton's 
jelly. However, the conductivity is of about the same magnitude as the con­
ductivity of amniotic fluid in the complete frequency range from 10 Hz to 100 
kHz. As a consequence, any current reaching the blood in the umbilical cord 
will freely flow through the Wharton's jelly into the amniotic fluid. Hence there 
is no need to include the umbilical cord in a volume conduction model. 
The conductivity of vernix caseosa shows a large frequency dependence. For 
higher frequencies the conductivity is described by equation (3). The three 
measurements in fig. 3 all yield values between к = 0.94 and к = 0.96. At lower 
frequencies the measured relation between conductivity and frequency diverts 
from the relation given by equation (3) (fig. 3). The graph suggests the effect 
of a parallel resistance. The effect is strongest in Une 3, which corresponds to a 
measurement after 24 hours soaking in saline. This suggests that smaU saline 
leaks occur between the two sections of the container, resulting in a parallel 
resistance which becomes smaUer EIS the lesiks get larger. 
The value found for the conductivity of vernix caseosa at 50 Hz ((1.8 ± 
0.3) 10~β Ω ^ ι η " 1 for line 2 in fig. 3) is of the same order of magnitude as the 
sole value found in the literature [2]: 1.4 10"β Ω ^ ι η " 1 The value found when 
substituting ƒ = 50 Hz in equation (3): 1.45 10~β Ω~1ιη~1 corresponds very well 
to the value found in the literature. Perhaps this literature value was measured 
in circumstances in which no parsiUel resistance from fluid leaks occurred. 
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One might wonder which situation is more realistic; a layer of vernix after 
soaking it for a long time in saline, or a "dry" measurement. However, in both 
cases the conductivity at the highest frequencies contained in the fetal EGG 
(about 100 Hz) is very low: 3.85 10"β Ω " ' m " 1 is the highest value found. This 
means that a layer of 0.1 mm vernix caseosa has an impedance which is at least 
a factor 500 larger than a layer of 10 cm amniotic fluid. As a consequence, 
it is clear that the layer of vernix caseosa which starts to develop at about 
28 weeks of gestation and disappears in the very last stage of gestation plays 
a dominant role in the conduction of the FECG from the fetal heart to the 
maternal abdomen. A volume conduction model simulating the generation of 
the FECG between 28 weeks of gestation and birth should include a description 
of the vernix caseosa. 
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The fetal ECG throughout the second half of 
gestation * 
Abstract 
The results of a study in which multi-lead simultaneous recordings of 
the abdominal FECG have been made are presented. A homogeneous vol­
ume conduction model based on the actual recorded geometry was made. 
Using this model, fetal vectorcardiograms (FVCGs) were computed. Be­
fore 28 weeks of gestation the inter- and intra-individual variability of the 
observed signals could removed by computing FVCGs in a fetal reference 
frame. This opens up the possibiUty of using the shape of the QRS com­
plex for diagnostic purposes. 
Keywords: Fetal ECG - Abdominal leads - Potential mapping -
Volume conduction model 
1 Introduction 
For the clinical diagnostic use of the fetal electrocardiogram (FECG) two as­
pects are relevant: heart rate and the PQRST waveform. So far the main 
interest has been in feted heart rate recording. Recently, however, interest has 
risen in the clinical use of the waveform [11,12,18]. During labour the waveform 
can be recorded by using a scalp electrode. Early in pregnancy, the waveform 
can only be measured by using surface electrodes at the maternal abdomen. 
Early interest in the FECG waveform has been hampered by the fact that in 
abdominally recorded signals the FECG components are dominated by the much 
larger maternal components. Recently, however, a number of computer-based 
methods have been developed to extract the FECG from abdominally recorded 
signals[2,6,13,17,20]. Another complicating factor in the study of the waveform 
is the large inter- and intra-individual variabihty of the observed signals. 
Several investigators have studied the variability of the FECG waveform. 
B O L T E [3] made 4-lead recordings of the FECG in 1200 cases throughout the 
second half of gestation. The demonstrated relationship between the ampUtude 
of the FECG ала the gestational age showed a decrease in FECG ampUtude 
'submitted to Am. J. Obstet. Gynecol. 
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between 28 and 32 weeks of gestation. This observation has been confirmed 
by other investigations [4,14]. The inter-individual variability of the FECG 
amplitude at each moment of gestation was large. 
ROCHE and HON [19] recorded the FECG in more than 30 leads non-simul-
taneously in 106 pregnant women, all but 4 at more than 36 weeks of gestation. 
They studied the relation between the FECG amphtude and a wide range of 
parameters: the presentation of the fetus, the amount of vernix after birth, 
the position of the placenta, whether or not the membranes were ruptured, 
the amount of amniotic fluid and the maternal body weight. A significant 
correlation was found only with the fetal presentation. 
They found that the fetal QRS complexes within a subject were the same in 
all leads apart from size and sign. They also found a relationship between the 
shape of the feted QRS complex and the presentation of the fetus: the waveform 
of the QRS complexes of a fetus in breech presentation were more or less the 
inverse of those of a fetus in vertex presentation. 
OLDENBURG and MACKLIN measured simultaneously potential differences 
in three orthogonal leads on the maternal abdomen [14]. They used the simple 
model of a current dipole at the center of a homogeneous sphere to compute 
fetal vectorcardiograms (FVCGs) from these measurements. They confirmed 
that the shape of the QRS complex is the same in all leads in pregnancies of 
more than 28 weeks, but early in pregnancy they found different shapes at 
different sites. 
All previous research was based on recordings from just a few simultane­
ous leads, or on signals successively recorded at different sites. To come to a 
better understanding of the abdominal FECG, the FECG has to be recorded 
simultaneously in many leads in order to obtain ал accurate description of the 
complete potential distribution over the maternal abdomen. Furthermore the 
actual geometry has to be taken into account. Once all these data are available, 
a volume conduction model based on the actual geometry can be formulated to 
support the interpretation of the observed signals. 
In this paper we present the results of a study in which simultaneous record­
ings in 32 leads of the abdominal FECG have been made, together with accurate 
measurements of the relevant geometry, at regular time intervals during the sec­
ond half of 6 uncomplicated pregnancies. 
As a first step towards interpretation of the observed signals, a homogeneous 
volume conduction model based on the actual geometry was made. A current 
dipole at the position of the fetal heart was used as the source description. 
From the recorded potential distribution FVCGs were computed using this vol­
ume conduction model and source description. Since the orientation of the 
fetus is known from the geometry measurement, the FVCG сгш be constructed 
with respect to a reference frame fixed to the fetal body. As a consequence a 
description independent of the fetal presentation is obtained. 
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Figure 1. Electrode positions at the maternal abdomen and back. The area in 
which the fetal ECG maps are plotted is within the dotted line. 
2 Methods 
2.1 FECG recording 
Six pregnant volunteers with uncomplicated pregnancies have been exam­
ined at regular intervals from 20 weeks of gestation onward, resulting in 37 sets 
of observations. During each recording session a 32-lead simultaneous recording 
of the abdominal fetal ECG was made, sampling at 500 samples per second. 
The electrode positions are shown in fig. 1. To improve the signal to noise 
ratio the fetal QRS complexes in a one-minute recording were averaged using 
time coherent averaging after suppression of the maternal contribution . Using 
the data from these average fetal QRS complexes, the complete fetal poten­
tial distribution over the maternal abdomen can be plotted as fetal ECG maps 
(FEMs) 1 . In the FEMs the maternal abdomen is represented as a planar sur­
face using cylinder projection; see fig. 1. From the instantaneous values of the 
QRS complexes at each electrode position the isopotential lines corresponding 
to the time instant considered are computed using bilinear interpolation and 
plotted as the FEMs. The method for constructing the potential maps from 
the observed data has been described previously [15]. 
2.2 geometry measurement 
At each recording session the external geometry of the maternal abdomen 
was carefully measured using a flexible ruler. From this measurement a trian­
gulated 3 dimensional representation of the maternal abdomen was constructed 
Чп chapter Π the FEMs are called fetal body surface maps (FBSMb) 
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Figure 2. Triangulated representation of the surface bounding the maternal ab­
domen. The electrode positions are indicated by a bold circle ' O ' · 
(fig. 2). The position of the fetal heart and the orientation of the fetus were 
measured accurately by using a compound echo scanner. A reference frame 
fixed to the fetal body was obtained, by fitting a line through the intersections 
of the fetal spine with the transverse scans, and by indicating in the scans the 
fetal dorso-ventral direction. Real time echoscopy was used to detect possi­
ble (undesired) fetal displacements in the time interval between the geometry 
measurement and the recording of the electrical signals. The measurement and 
processing of the geometry has been described previously [15]. 
2.3 volume conduction model 
A volume conduction model based on the measured geometry was used to com­
pute fetal vectorcardiograms (FVCGs) [8] from the recorded FEMs. In this 
model the triangulated representation of the maternal abdomen WEIS taken to 
be the boundary of the volume conductor. The medium inside this volume 
conductor was considered electrically isotropic and homogeneous, with a con­
ductivity of 0.222 Ω " Ч п - 1 . 
As stated in the introduction, a current dipole was used as a source de­
scription. If the potential at the surface of a homogeneous volume conductor 
is known, the position and strength of the current dipole which generates this 
potential can be found using the Gabor-Nelson method[9]. However, since we 
assume that the source is positioned at the fetal heart as recorded by echogra­
phy, the position of the dipole is known a priori and we can use a more accurate 
method based on a generalized inverse [16]. 
In this method, the potential at any point at the boundary of a volume 
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conductor is computed for a given description of a current source inside this 
volume conductor [1]. The solution is called the forward solution. Prom the ob­
served potentials at a number of points at the boundary of the volume conductor 
(abdomen) the source (dipole) parameters can be found (inverse solution). 
2.4 dipole estimation 
In our model, the source parameters to be estimated from the measured po­
tential at the 32 electrode positions at each individual time instant are the x-
y- and z-components of the dipole. Since this is a linear problem, the dipole 
components cam be found by using a lineair least squares method. The develop­
ment in time of the resulting equivalent dipole can be displayed by plotting the 
dipole components as a function of time or by plotting the orbit of the locus of 
the dipole vector through 3-dimensional space (fig. 7). The first presentation 
is called a (fetal) vectorcardiogram (FVCG), and the second one a (fetal) vec­
tor loop (FVL). The FVCGs and FVLs are plotted on three orthogonal planes 
within a reference frame fixed to the fetal body. This fetal reference frame is 
derived from the geometry measurements. 
As a measure for the openness of the FVL we take the eccentricity of the 
vector loop which can be computed as the ratio R the largest singular value in 
the singular value decomposition of the data matrix representing the FVCG 
divided by the second largest one [7]. A small ratio of R (N.B.: R > 1) 
corresponds to an open loop, whereas a large value represents a closed loop. 
2.5 goodness of fit 
Let n, be the number of time samples used to describe one fetal QRS complex. 
The number of data points available for computing the FECG is the number 
of electrodes multiplied by the number of time samples: 32η,. The number of 
source parameters to be determined is three for each time sample: Зті, in all. 
The large redundancy in the amount of available data, can be used to obtain 
a measure for the goodness of fit of the vector representation throughout the 
fetid QRS complex. Let Φ
υ
 be the measured potential at electrode г at time 
instant j , and Ф
ч
 the corresponding potential at that electrode Ccdculated from 
the source parameters found inversely. The relative difference e is defined as 
RM S (error) \ 
RMS(signal) ~ 
3 ^ Σ Σ ( * , - Φ , ) 2 
n. 32 
32 η,Ζ~ιΖ-ι 4 
3--U=l 
This relative difference gives a measure for the goodness of fit. If, e.g., the 
measured potential distribution can completely be described by the model 
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(i.e. Φ = Φ) then ε = 0. However if the difference between Φ and Φ is of 
the same magnitude as Φ, indicating a very bad fit, e is of the order 1. 
3 Results 
3.1 general observations 
In 28 of the 37 recording sessions the ampUtude of the FECG was larger them 
the noise level (5 μν
ρρ
) in at least one lead. The 9 sessions in which no FECG 
could be discerned were all for pregnancies before 22 or between 28 and 33 
weeks of gestation. They could not be used for further analysis. 
In most cases some fetal movement was detected between the geometry 
measurement and the F E C G recording. Generally, though, there was little 
change in the fetal position. Early in pregnancy, the fetuses had rotated around 
their longitudinal axis in some cases, without much displacement. In these 
cases the orientation of the fetal reference frame as obtained by echoscopy is 
not reliable, whereas the other geometry data may still be used. 
3.2 basic F E C G data 
Figures 3 to 6 show some typical examples of FECGs as well as the correspond­
ing FEMs. Fig. 3 to 5 depict measurements of one and the same subject; fig. 3 
at 24 weeks of gestation with the fetus in vertex presentation, fig. 4 at 26 weeks 
in breech presentation, and fig. 5 at 38 weeks in vertex presentation. Fig. 6 is 
a recording of a subject at 37 weeks with the fetus in breech presentation. 
The FEMs in both fig. 3 and 4 show non-stationary patterns. The extremes 
of the potential distribution move over the maternal abdomen in the course 
of the fetal QRS complex. The patterns of the FEMs in fig. 5 and 6 (late 
pregnancies) are stationary: the extremes of the potential distribution remain 
at the same position throughout the fetal QRS complex, and the potential maps 
at different time instants differ only by a general scaling factor. Accordingly, the 
shape of the QRS complexes is more or less the same in all leads. In contrast, all 
recordings before 28 weeks of gestation show such non-stationary FEM patterns 
and different shapes of the complexes at different sites. 
3.3 fetal vectorcardiograms 
Fourteen successful recordings were made before 28 weeks of gestation. The 
FECGs and FEMs in these cases were completely different. To check whether 
this variabihty might be explained by the differences in the position and ori­
entation of the fetus, FVCGs in the fetal reference frame were computed. The 
FVCGs and FVLs of these cases are quite similar. They all show open vector 
loops. In those cases in which no change in the orientation of the fetus was ob­
served between the potential and the geometry measurement the FVCGs and 
FVLs are similar to those of newborns and adults. 
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Figure За. FECG of subject A at 24 weeks of gestation in vertex presentation. 
b. Fetal ECG maps (FEMs) of subject A at 24 weeks of gestation at a number 
of instants during the fetal QRS complex. Isopotential lines are drawn at 2 /xsec 
distance. The positive area is marked white, the negative area black. The area 
within 2 /jsec from zero is shaded. The time is given in respect to an arbitrary 
instant in the middle of the fetal QRS complex. 
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Figure 4a. FECG of subject A at 26 weeks of gestation in breech presentation. 
b . FEMs of subject A at 26 weeks of gestation. 
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Figure 5a. FECG of subject A at 38 weeks of gestation in vertex presentation. 
b. FEMs of subject A at 38 weeks of gestation. 
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Figure ва. FECG of subject D at 37 weeks of gestation in breech presentation. 
b . FEMs of subject D at 37 weeks of gestation. 
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Figure 7a. FVCG of subject A at 24 weeks of gestation. The reference frame is 
represented as is commonly used in vector cardiography, i.e. the x-axis towards the 
left, the y-axis towards the feet, and the z-axis towards the back. The reference 
frame is fixed to the fetal body. 
b . FVLs of subject A at 24 weeks of gestation in the horizontal, frontal and left 
sagital plane as defined by the fetal reference frame. 
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Figure Sa. FVCG of subject A at 26 weeks of gestation (fetal reference frame). 
b . FVLs of subject A at 26 weeks of gestation in the horizontal, frontal and left 
sagital plane (fetal reference frame). 
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As an example, fig. 3 and 4 clearly demonstrate the intra-individual vari-
ability of the potential distribution at the maternal abdomen generated by the 
fetal heart. The position and orientation of this fetus was completely different 
in both cases. No change in orientation of the fetus between the ECG and 
the geometry measurement was observed in these cases. Fig. 7 and 8 show 
the FVCGs and FVLs corresponding to the signals of fig. 3 and 4 respectively. 
Both FVLs have an eccentricity of 1.2. Despite the large difference between 
the FECGs, the FVCGs and FVLs derived from them are quite similar when 
plotted in the fetal reference frame. The remaining difference might well be 
explained by the error in the determination of the fetal reference frame. The 
FVCGs and FVLs in fig. 7 and 8 are similar to those measured in newborns [5] 
and adults [10]. Fig. 10 shows the FVCG and FVL of another subject at 27 
weeks. The eccentricity of this FVL is 1.7. 
After 32 weeks of gestation, however, the FVLs show less open vectors loops. 
These FVCGs and FVLs are completely different from those measured in new-
borns and adults. Fig. 9 (corresponding to the signal of fig. 5) gives an example 
of a completely closed vector loop (eccentricity 8.2). In fig. 11 the eccentricity 
of the FVL is plotted versus gestational age for all collected data. In all cases 
before 28 weeks of gestation the eccentricity is small (average 2.01, standard 
deviation 0.52), while in many cases after 32 weeks the eccentricity is large 
(average 6.57, standard deviation 4.10). 
3.4 Goodness of fit 
In fig. 12 the measured FECGs are plotted together with the FECGs com-
puted from the dipoles found by the inverse procedure at gestational ages of 26 
and 38 weeks of the same subject. It is clear that the fit for 26 weeks is much 
better. 
As introduced in section 2, the relative difference is taken as a measure for 
the goodness of fit. The relative difference of the cases shown in fig. 12 are 
0.225 and 0.584 respectively. In fig. 13 the relative difference resulting from 
this procedure applied to all collected data sets are plotted as a function of 
gestational age. The mean relative difference before 28 weeks of gestation is 
0.247. After 32 weeks of gestation the mean residual is 0.386. The standard 
deviations are 0.058 and 0.098 respectively. The relative difference for early 
pregnancies is smaller than the relative difference for late pregnancies. 
3.5 Magnitude of the observed signals 
The maximum amplitude of the potential difference between an arbitrary pair 
of electrodes at the maternal abdomen is not a good measure for the magnitude 
of the signals which can be observed, as it heavily depends on the position of 
the electrodes and the position and orientation of the fetus. The amplitude of 
the equivalent dipole strength is independent of the position of the electrodes 
and the position and orientation of the fetus. As a consequence, the ampUtude 
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Figure 9a. FVCG of subject A at 38 weeks of gestation (fetal reference frame). 
b . FVLs of subject A at 38 weeks of gestation in the horizontal, frontal and left 
sagital plane (fetal reference frame). 
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Figure 10a. FVCG of subject С at 24 weeks of gestation (fetal reference frame). 
b. FVLs of subject С at 24 weeks of gestation in the horizontal, frontal and left 
sagital plane (fetal reference frame). 
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Figure 11. The eccentricity of the FVL versus gestational age for all measurements. 
The different symbols refer to the different subjects. 
of the equivalent dipole strength, defined as the maximum length of the dipole 
vector during the QRS complex, is an objective measure for the magnitude of 
the signals observed. In fig. 14 the amplitude of the computed equivalent dipole 
strengths are plotted as a function of the gestational age. A clear decrease in 
magnitude around 30 weeks of gestation can be observed. To accentuate the 
underlying trend a 4th degree polynomial was fitted through the data points. 
No deeper significance than this accentuation should be attached to this poly­
nomial. 
4 Discussion 
The results presented in this paper clearly demonstrate the large inter- and 
intra-individual variability of the abdominal FECG. The following general con­
clusions can be drawn. 
The FEMs show that the extremes of the potential distribution generated by 
the fetal heart at the maternal abdomen are not always in the abdominal region. 
Early in pregnancy (less than 28 weeks) the extremes move over the maternal 
abdomen during the fetal QRS complex. Later in pregnancy, however, the 
position of the extremes is fixed during the QRS complex. This corresponds to 
the fact that early in pregnancy the shape of the fetal QRS complex is different 
at different sites, whereas late in pregnancy the shape is almost the same at cdl 
sites. 
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Figure 12a. Measured (solid) and simulated (dashed) FECG of subject I at 26 
weeks of gestation. 
b . Measured (solid) and simulated (dashed) FECG of subject I at 38 weeks of 
gestation. 
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Figure 13. The relative difference versus gestational age for all measurements. The 
different symbols refer to the different subjects. 
Using a homogeneous volume conductor model FVCGs in a reference frame 
fixed to the fetus have been computed. As these FVCGs are similar in each 
case, the variability of the observed signals can largely be explained by differ­
ences in the fetal presentation. Early in pregnancy the (homogeneous) volume 
conductor model used yields low relative differences. The FVCGs are similar 
to VCGs measured in newborns and adults. This indicates that this simple 
model works well early in pregnancy. As a consequence, during this stage the 
potential distribution at the maternal abdomen generated by the fetal heart 
can be computed for any position and orientation of the fetal heart. From this 
the individual optimal electrode positions can be determined for all cases con­
sidered. The FVCG in the fetal reference frame, computed using this model, 
yields an adequate description of the electrical activity of the fetal heart. This 
opens up the possibihty of using the shape of the QRS complex wave forms for 
diagnostic purposes. 
Later in pregnancy the model gives poor results. Many FVLs show closed 
vector loops. The relative difference is large, even in those cases where (in these 
late pregnancies) open vector loops are present. Because of this, the FVCG 
computed using this model does not correspond to the actual electrical activity 
of the fetal heart late in pregnancy. 
There are indications that the changes in the FECG from 28 weeks of gesta­
tion onward are the consequence of changes in the conductive medium [3,14,19]. 
We are at present working on (inhomogeneous) volume conduction models and 
alternative source descriptions to improve the expression of the observed po-
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Figure 14. The amplitude of the VCG versus gestational age for all measurements. 
The different symbols refer to the different subjects. The shaded area at the bottom 
represents the noise level; symbols in this area refer to measurements where no fetal 
ECG could be discerned. The solid line represents a 4th degree polynomial which 
was fitted through the data points to accentuate the underlying trend. 
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tent ia l d i s t r i b u t i o n s l a te in pregnancy. 
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Chapter VII 
The effect of changes in the conductive 
medium on the fetal ECG throughout 
gestation * 
Abstract 
The electrical conduction of the ECG from the fetal heart to the ma­
ternal abdomen is modelled by using volume conductor models based on 
the measured actual geometry. The models have been verified by means of 
multi-lead recordings of the fetal ECG. The results show that early in preg­
nancy (less than 28 weeks) the conduction can successfully be described by 
ал electrically homogeneous model. Based on this model, a description of 
the fetal ECG which is independent of the position of the fetus is derived. 
In late pregnancies, the conduction is dominated by the isolating effect of 
the vernix caseosa. As the distribution of the vernix over the fetal body is 
unknown, the shape of the feted ECG is disturbed in an unintelligible way. 
As a consequence, caution has to be applied when using the shape of the 
feted ECG for diagnostic means. 
Keywords: fetal ECG - volume conduction model 
1 Introduction 
A major problem in monitoring the fetal cardiac activity by abdominal fetal 
electrocardiography (FECG) is the large inter- and intra-individual variability 
of the observed signals [1]. This variability can partly be explained by the 
variability in the fetal presentation, but there are indications that there are 
also variations in the pathways along which the current generated by the fetal 
heart is conducted to the surface of the maternal abdomen. 
In literature two extreme hypotheses are found concerning the conduction 
from the fetal heart to the maternal abdomen. Based on the FECG recordings 
at multiple sites, using mainly near term subjects, K A H N [8] and R O C H E and 
H O N [13] concluded that the FECG is conducted by distinct pathways. Both 
papers suggested the oronasal cavity of the fetus as a distinct pathway, and 
'submitted to Clin. Phys. Phyawlog. Meas. 
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K A H N further suggested preferent conduction through the umbilical cord to the 
placenta. 
On the other hand, T A C C A R D I [15] concluded from his observations that the 
medium between the fetal heart and the maternal abdomen can be described as 
electrical homogeneous. He suggested that the use of fetal vectorcardiography 
might help to settle the controversy between these two extreme hypotheses. 
The electrocardiogram is the result of the superposition of electrical activ­
ity throughout the heart muscle. This complex source may be expressed in 
terms of a current dipole and higher order multipole components [6]. When the 
higher order components are disregarded, as is justifiable for remote observation 
points, the equivalent heart dipole (vector) represents the potentials observable 
at the body surface. The instantaneous dipole can be derived by measuring the 
potential at a number of points at the body surface and by using a model for 
the conductive system [5]. The plot of this equivalent dipole throughout the 
cardiac cycle is called the vector cardiogram or vector loop. 
Vector loops of adults, children, and infants born at term and preterm all 
demonstrate extensive spatial rotation of the equivalent heart dipole during the 
QRS complex [5,14]. It is therefore reasonable to assume that the fetal heart 
dipole also is rotating in space. If, however, the conduction from the feted 
heart to the maternal abdomen is dominated by two distinct pathways, only 
potentials caused by the current between these pathways will be present at the 
maternal abdomen. As a result, the (apparent) equivalent dipole as deduced 
from recorded body surface potentials will not correspond to the actual heart 
dipole and it will show no spatial rotation. 
O L D E N B U R G and M A C K L I N measured simultaneously potential differences 
in three perpendicular directions on the maternal abdomen [10]. They used 
the simple model of a current dipole at the center of a homogeneous sphere to 
compute fetal vector loops from these measurements. Their results show exten­
sive spatial rotation of the equivalent dipole in most subjects at less than 30 
weeks gestation, and little spatial rotation in subjects at more than 30 weeks 
gestation. From this they concluded that the current from the fetal heart is 
conducted uniformly to the maternal abdomen in early pregnancies, whereas 
distinct pathways dominate in late pregnancies. They suggested that the dis­
tinct pathways in later pregnancies are the result of the isolating effect of the 
vernix caseosa, which surrounds the fetus at this stage, together with the non­
uniform distribution of the amniotic fluid at this stage. The conductivity of the 
vernix caseosa is much lower than that of the surrounding tissues [2]. 
The method used by O L D E N B U R G and M A C K L I N does not take into account 
the actual (electrically inhomogeneous) geometry. Furthermore, as they use a 
three-lead system to obtain the three parameters in their model (х-, y- and 
z-component of the equivalent current dipole), they have no means of checking 
the validity of the model. They suggest the use of FECG mapping, employ­
ing a multichannel recording system and several dozens of electrodes over the 
maternal abdomen, to provide more accurate data. 
In an earlier publication (chapter VI) we have presented the results of a 
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study in which 32-leads simultaneous recordings of the abdominal FECG are 
made, together with accurate measurements of the relevant geometry. In that 
paper a simple homogeneous volume conduction model based on the actual 
geometry was used to compute fetal vector loops, assuming a current dipole 
source at the fetal heart position as observed by echoscopy. It was found that 
the computed vector loops of pregnancies of less than 28 weeks of gestation 
("early pregnancies") are similar to those of newborns and adults. The vector 
loops are open. The apparent FVLs of pregnancies at more than 32 weeks of 
gestation ("late pregnancies") are completely different from those of newborns 
and adults. They often show little spatial rotation, but not in all cases. As a 
measure for the goodness of fit the relative difference (see section 2.4) was used. 
The relative difference was large for late pregnancies, indicating that the model 
does not apply well to late pregnancies. 
In this paper we present an extension of the model which includes more 
complex source descriptions and a volume conductor which incorporates the 
actual inhomogeneities, applied to the same potential data as in chapter VI. Two 
different kinds of source descriptions have been used: a current dipole (yielding 
an apparent fetal vector loop: FVL) and two stationary current monopoles 
(bipole). The latter was used to approximate the distinct pathways situation. 
The redundancy in the potential data is used to monitor the validity of the 
model. 
2 Methods 
2.1 FECG and geometry recording 
In 37 observation sessions six pregnant volunteers with uncomplicated preg-
nancies have been examined at fortnightly intervals from 20 weeks of gestation 
onward. Each time a 32-lead recording of the FECG was made. Average fetal 
QRS complexes were obtained by time coherent averaging of the complexes in 
one-minute recordings. The recording and processing methods have been de-
scribed before [11]. At each recording session the geometry of the maternal 
abdomen, fetal body, uterus and placenta and the position of the fetal heart 
were carefully measured by using a compound echo scanner [11]. Also a ref-
erence frame fixed to the fetal body was obtained by using echoscopy. From 
the geometry measurements triangulated three dimensional representations of 
the surfaces bounding the maternal abdomen, fetal body, placenta and uterus 
were constructed. Real time echoscopy was used to monitor unwanted feted 
displacement between the moment of the geometry measurement and that of 
the potential recording. 
2.2 Volume conduction model & source descriptions 
A volume conduction model based on the measured geometry was constructed. 
In this model the volume conductor is composed of piecewise electrically isotro-
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Table I. Volume conductor and source description for all models used. 
model 
I 
II 
III 
IV 
volume conductor 
maternal abdomen 
maternal abdomen 
maternal abdomen 
amniotic fluid 
fetus 
maternal abdomen 
Vernix caseosa 
source description 
dipole 
at position 
fetal heart 
dipole 
position not 
specified a priori 
dipole 
position not 
specified a priori 
two monopoles 
positions not 
specified a priori 
pic and homogeneous compartments. The triangulated representations intro­
duced in the previous section are used as the boundaries of the compartments. 
The three different combinations of volume conductor and source description 
used in this paper are labeled models II to IV. Their results are compared to 
the results of the model published previously (chapter VI), labeled model I. 
In model I the volume conductor was taken to be homogeneous. A sin­
gle compartment was used: the maternal abdomen, for with a conductivity of 
0.222 Ω ^ τ η " 1 was assumed. The source was a current dipole at the fetal heart 
position as observed by echoscopy. The source parameters to be found in this 
model were the х-, y- and z-component of the dipole at each sample instant 
separately. 
In mode l II the same volume conductor as in model I is used. The position 
of the source (a current dipole), however, is not specified a priori. The source 
parameters in this case are not only the dipole components at each sample 
instant, but also the position of the dipole. 
The resulting dipole can be displayed by plotting the orbit of the dipole 
vector through 3-dimensional space (fetal vector loop FVL). The FVLs pre­
sented in this paper are with respect to the fetal reference frame, as obtained 
by echoscopy. 
As a measure for the openness of the FVL we take the eccentricity ratio 
of the vector loop which can be computed as the ratio R: the largest singular 
value in the singular value decomposition of the data matrix representing the 
FVL divided by the second largest one [4]. A small ratio of R (N.B.: R > 1) 
corresponds to an open loop, whereas a large value represents a closed loop. 
In the inhomogeneous model III three compartments are used: the ma­
ternal abdomen, (0.222 Ω - 1 ™ - 1 ) , the uterus filled with amniotic fluid (1.66 
Ω ' m
- 1 ) , and the fetal body (0.222 Ω ^ τ η " 1 ) . The same source description as 
in model II is used. 
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The large eccentricity of FVLs of late pregnancies suggests a possible effect 
of distinct pathways. To simulate the situation of current escaping from two 
holes in ал electrically isolating layer, the source description of two monopoles is 
used, having the same strength and opposite polarities (bipole) at positions not 
specified a priori (model IV). The source parameters are now the strength of 
the bipole at each (sample) time instant, and the positions of the two monopoles. 
The fetus is considered to be completely electrically isolated by a layer of vernix 
caseosa. The compartments are the maternal abdomen (0.222 f2_ 1m ') and the 
fetal body (surrounded by an isolating layer of vernix: 0 Ω~ιηι~ί). 
Table I summarizes the volume conductors and source descriptions used. 
2.3 Source parameter estimation 
Let n , be the number of time samples used to describe the potentials within one 
fetal QRS complex, Ф
у
 the measured potential at electrode г at time instant 
j , and Ф
ц
 the corresponding potential at that electrode calculated as predicted 
by the model. For each of the models II to IV the source parameters were 
derived by minimizing by means of an optimization procedure the root mean 
squares value of the difference between the potentials observed at the electrode 
positions and those predicted by the model [12]: 
ΙΦ - ΦΙΙ 432rSÇ5(*" *,j)2· 
2.4 Goodness of fit 
The number of data points available for computing the FVL is the number of 
electrodes multiphed by the number of time samples: 32n,. The number of 
source parameters to be determined for the three different source descriptions 
is 3η, for model I, 3n, + 3 for model II and III or n , + 6 for model IV. 
The redundancy in the amount of available potential data is used to obtain a 
measure for the goodness of fit of the vector representation throughout the fetal 
QRS complex. For this purpose the relative difference ε is defined as the root 
mean square error which is left after termination of the optimization procedure: 
l l * - * | l , m s 
ll*IUs 
If, e.g., the measured potential distribution can completely be described by the 
model (i.e. Φ — Φ) then ε = 0. However if the difference between Φ and Φ is of 
the same magnitude as Φ, indicating a very bad fit, ε is of the order 1. 
3 Results 
In 28 of the 37 recording sessions the signal to noise ratio was large enough to 
allow further processing of the recorded potentials. 
89 
Chapter VII 
h o r i z o n t a l ^ Ζ 
ч. 
- ^ — -
4 
frontal ' 
ι 
i ι 
ι 
ι 
ι 
φ Υ 
left sagital 
ríT.'.Y. 
* Y 
horizontal * Ζ 
Ν 
ί 
frontal 
_„_Λ 
r-*
Y 
left sagital' 
-.<r.-;ì. 
Φ Y 
0 15 uAm 
I 1 
FVL of subject A2 
model I 
Cfetal frame) 
0 15 //Am 
I 1 
FVL of s u b j e c t A2 
model I I 
Cfetal frame) 
Figure 1. FVL of subject A at 24 weeks of gestation in the horizontal, frontal and 
left sagital plane in a reference frame fixed to the fetal body. The reference frame is 
represented as is commonly used in vector cardiography, i.e. the x-axis towards the 
left, the y-axis towards the feet, and the z-axis towards the back. The left column 
displays the FVL found using model I, and the right column the FVL found using 
model II 
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Figure 2. The eccentricity of the FVL versus gestational age for all measurements 
(model II). The different symbols refer to the different subjects. 
The FVLs found using model II are not much different from the ones found 
for model I. Fig. 1 depicts the FVL found for model I and II applied to the same 
dataset of a subject at 24 weeks of gestation. The eccentricity R is 1.2 in both 
cases. For early pregnancies the FVLs are similar to those of newborns [3] and 
adults [7]. For late pregnancies however, the FVLs are completely different. 
In fig. 2 the eccentricity R as found by model II is plotted as a function of 
gestational age. Note that i î is small for all early pregnancies, whereas there is 
a large variability in R for late pregnancies. In fig. 3 the magnitude of the FVL 
(the maximum value of the length of the apparent dipole vector) is plotted as 
a function of gestational age 
In table II the mean values of the eccentricity R and relative difference ε 
found for early and late pregnancies by using model II are compared to those 
found by model I. As expected (because of the increase in the number of 
degrees of freedom), the relative difference is less than for model I. In contrast 
to model I, the relative difference reaches a low value also for late pregnancies. 
The eccentricity for late pregnancies however is still large. Furthermore, the 
deviation between the position of the dipole vector found and the fetal heart 
position as observed by echoscopy is large in late pregnancies (fig. 4, table II). 
In model HI the same source description is used as in model II, but now 
the volume conduction model includes the uterus filled with amniotic fluid and 
the fetal body. The shape of the FVL is not much different from those found 
for model I and II (eccentricity in table II). The relative difference is about the 
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Figure 3. The magnitude of the FVL versus gestational age for all measurements 
(model II). The different symbols refer to the different subjects. 
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Figure 4. Deviation between the position of the equivalent dipole and the position 
of the fetal heart as observed by echosropy (model II). The different symbols refer 
to the different subjects. 
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Table II. The mean value and standard deviation of the relative difference, eccen­
tricity of the FVL, and the deviation between the position of the equivalent dipole 
and the position of the fetal heart (as far as applicable). 
model I 
model II 
model HI 
model IV 
early 
late 
early 
late 
early 
late 
early 
late 
relative difference 
mean 
0.245 
0.386 
0.165 
0.211 
0.174 
0.215 
0.265 
SD 
0.055 
0.098 
0.042 
0.043 
0.041 
0.041 
0.048 
eccentricity 
mean 
2.01 
6.57 
1.89 
7.18 
2.09 
6.74 
SD 
0.52 
4.10 
0.48 
4.70 
0.59 
5.13 
deviation (cm) 
mean 
3.1 
5.9 
3.5 
5.8 
SD 
1.2 
1.5 
1.3 
1.6 
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Figure 5. The magnitude of the FVL versus gestational age for all measurements 
(model III). The different symbols refer to the different subjects. 
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same as for model II. The magnitude of the FVL however is much larger than 
for model I and II (fig. 5 versus fig. 3). 
Model IV was applied to the data for late pregnancies. Fig. 6 gives examples 
of the positions of the monopoles found in some cases in which, because of 
the largo eccentricity found by model III (5.3, 8.2 and 13.9 respectively), two 
dominant distinct pathways were expected. The positions found do not always 
corresponds to reahstic positions. In fig. 7 the difference between the relative 
difference found for the models IV and III: ειν — tin is plotted as a function of 
the eccentricity found for model III. ε/ν — £ ш is a measure for the quality of 
model IV compared to model III. In fig. 7 can be seen that, in those cases in 
which model III yielded a small eccentricity, model IV is inferior to model III 
(eis should be expected because model IV can not reproduce the spatial rotation 
of the dipole vector in model III), whereas in those cases where the eccentricity 
is extreme, there seems to be some improvement of model IV over model III. 
4 Discussion 
The model of a current dipole inside a homogeneous medium (model I) yields 
realistic FVLs and low relative errors for early pregnancies. As a consequence, 
one can conclude that the conduction of the current generated by the fetal 
heart to the surface of the maternal abdomen is adequately described by this 
model. This conclusion is strengthened by the fact that a source description in 
which the position of the source is not constrained to the fetal heart position 
(model II) yields source positions that do not differ much from the fetal heart 
position as observed by echoscopy (3.1 cm on average). 
For vertebrates there is a relation between the body weight of the animal 
and the magnitude of equivalent current dipole [9]. Using this relation, a dipole 
moment of the order of magnitude of 0 75 μΑιη is expected for pregnancies 
between 23 and 25 weeks (body weight 0 700 kg). The dipole moment found for 
model I and II is much smaller (0.167 μΑπι, standard deviation 0.078 μΑπι). 
If, however, the amniotic fluid is included in the model (model III), the dipole 
moment found (0.513 μΑπι, standard deviation 0.128 /¿Am) corresponds well 
to the expected value, considering the large variability in the relation between 
body weight and the magnitude of the equivalent heart dipole. The FVLs 
for model III differ only by a scaling factor from those for model I and II. 
The relative differences are almost the same. As a result, the influence of the 
amniotic fluid can almost completely described by a scaling factor. 
For late pregnancies, model I gives poor results. The FVLs are often closed. 
The relative difference is large for late pregnancies. For models II and III 
the values of the relative difference are small, and the FVLs are also closed. 
Furthermore, the deviation between the position of the equivalent dipole and the 
fetal heart position is larger than for early pregnancies. If the displacement were 
caused by a shift in the position of the fetus between the geometry measurement 
and the potential recording, one would sooner expect a smaller deviation late 
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Figure 6. Positions of the monopoles found using model IV. The edges of the corre­
sponding triangle descriptions of the maternal abdomen and the fetus are shown in 
frontal, right sagital and horizontal view. The monopoles positions are indicated by 
the symbol ' · ' . At the position of the fetal heart the projection of the fetal reference 
frame is plotted. The axis marked 'H' points towards the fetal head, 'F' towards the 
fetal front, and 'R' towards the right side of the fetus. Solid lines point towards the 
observer, dashed lines point away from the observer. 
a: Subject С at 36 weeks of gestation. 
b: Subject A at 38 weeks of gestation. 
c: Subject I at 38 weeks of gestation. 
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Figure 7. The difference between the relative differences found for model III and 
IV: ε/ν — επί versus the eccentricity as found for model III. The different symbols 
refer to the different subjects. 
in pregnancy during which the fetus can move less than early in pregnancy. 
Apparently, the larger deviation is the result of the fact that the models I to 
III do not apply well to late pregnancy. The laxge eccentricity of the FVLs of 
most late pregnancies suggest the influence of distinct pathways. The source 
description of a bipolo inside the model of a non-conducting fetus (model IV) 
yields, as should be expected, small relative differences for those data sets where 
a large eccentricity was observed (fig. 7). For some data sets the position of 
the monopoles found seem to agree with the notion that the current escapes 
the fetus through the umbilical cord and the oronasal cavity (fig. 6b). However, 
also for data sets where a large eccentricity was observed, the positions of the 
monopoles are not near the fetal mouth and umbilicus, and some not even near 
the fetus (fig. 6a and c). 
In order to estimate the magnitude of the FECG to be expected at the 
maternal abdomen if the fetus is completely covered by an electrically isolating 
layer of vernix and current can only escape the fetus through its mouth and its 
umbilical cord, we have constructed the model of an isolating layer around the 
fetus. It contains holes at the position of the mouth and the umbilicus, and is 
based on the geometry of a recording session at 26 weeks. As the Wharton's 
jelly, which separates the blood in the umbilical cord from the amniotic fluid, has 
a high conductivity, the suggestion that the umbilical cord is a distinct pathway 
[8] does not hold. As a consequence, there is no need to include the umbilical 
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cord in the model. By using the dipole source at the fetal heart position with 
a strength as found previously by using model I, the potential at the maternal 
abdomen was computed. The maximum potential difference found throughout 
the QRS interval was 3 /tV, which is below the detection level of the recording 
equipment used (5 μΥ). 
Indeed, we could discerne no FECG in the recorded signal for most data sets 
between 28 and 32 weeks of gestation, when the fetus is known to be covered 
by a layer of vernix. After 32 weeks, however, the magnitude of the FECG 
increases to a value above detection level, and the magnitude of the equivalent 
dipole is much higher than would be expected by assuming that the current 
can only escape through two small holes (fig. 3). Furthermore, for some late 
pregnancies the eccentricity is small (fig. 2). This may be explained by the 
fact that, as gestation continues, the vernix is no longer an even layer and some 
(randomly distributed) areas of the fetus are not covered by vernix. Apparently, 
in some cases there are effectively two dominant, relatively small holes, resulting 
in FVLs having a large eccentricity. In other cases the uncovered area is large, 
or there are more than two holes. In these cases the eccentricity of the FVL 
will be small. 
We, hence, arrive at the following hypotheses concerning the conduction of 
the current generated by the fetal heart to the surface of the maternal abdomen. 
As the fetus grows, the strength of the current generated by the heart increases. 
At about 20 weeks, the current becomes strong enough for the FECG to give rise 
to potentials at the maternal abdomen which are higher than the detection level 
of 5 μΥ. From that moment on until 28 weeks, the conduction of the current is 
best described by a model including the amniotic fluid, but apart from a scaling 
factor it can also adequately be described by a homogeneous model. Around 
28 weeks, the layer of vernix starts to develop, and almost completely isolates 
the fetus electrically, so the FECG magnitude drops to a very low value. As 
pregnancy continues, open patches appear in the layer of vernix (from about 
32 weeks), and the FECG magnitude increases again. However, the conduction 
is largely determined by the size and the unpredictable positions of the open 
patches. 
This leads to the following consequences for the clinical apphcation of the 
FECG. Before 28 weeks, the potential distribution at the maternal abdomen can 
be described by using a simple homogeneous model and a dipole at the position 
of the fetal heart. As a consequence, optimal recording sites for two-lead sys­
tems for any geometry configuration may be deduced from a known fetal heart 
position and orientation. However, a multi-lead system (e.g. 8 leads) covering 
a large range of the maternal abdomen may be preferable. More important, by 
using the same simple model a description of the FECG, independent of the 
fetal position and orientation, can be computed such as the FVLs presented in 
this paper. The diagnostic value of such descriptions may now be studied. At 
about 28 weeks starts a period in which the FECG magnitude drops to a low 
value. Later, the magnitude of the FECG increases again, but the shape of the 
FECG does no longer correspond to the electrical activity of the fetal heart in 
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an intelligible way, because of t he dis turbing influence of isolat ing sections of 
Vernix caseosa: t he a p p a r e n t F V L does not correspond to the ac tua l fetal hea r t 
vector. As a consequence, cau t ion has to b e applied t o t h e use of the waveforms 
of t he abdomina l ly recorded F E C G (or a derived descr ip t ion such as t he F V L ) 
a n d to t he use of p a r a m e t e r s describing t he t iming wi th in t he fetal P Q R S T 
complex, as these will also b e affected by t h e volume conduct ion . 
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Chapter Vili 
Summary and discussion 
One of the ways to obtain information on the well-being of the fetus dur-
ing pregnancy is to record the fetal heart rate. Usually this is done by means 
of Doppler ultrasound, but the beat to beat variabiUty of the fetal heart rate 
(in which recently interest has risen) can only be monitored continuously by 
recording the fetal electrocardiogram (FECG) at the maternal abdomen. Fur-
thermore interest has also risen in the clinical use of the electromechanical time 
intervals and the waveform of the FECG. A major problem in recording abdom-
inal fetal electrocardiography is the large inter- and intra-individual variability 
of the observed signals [1]. 
In the research presented in this thesis the potential distribution generated 
by the fetal heart at the maternal abdomen was recorded using many leads 
simultaneously. Furthermore, the actual three dimensional geometry of a num-
ber of relevant structures weis recorded. The methods of these recordings are 
discussed in chapter II. 
A mathematical model based on the actual geometry was made in order 
to explain the measured potential distribution in terms of volume conduction, 
both qualitatively and quantitatively 
The results presented in chapter II show that the positions of the extremes of 
the potential distribution are not fixed during the cardiac cycle. This suggests 
that the depolarization of the fetal heart has to be described by an equivalent 
source with the complexity of at least a rotating dipole. 
A method to find the position and strength of the dipole source from the 
measured potentials at the surface of a homogeneous volume conductor is the 
Gabor-Nelson method. In this method the complete potential distribution at 
the surface must be known. As in our research the potential at the surface is 
only known at the electrode positions, the potentials at all other positions must 
be found by using an interpolation method. In a well-known method for the 
interpolation of a scalar function on a surface the Laplacian of the function is 
constrained to be zero at those points where the function values are not known. 
In chapter III an extension of this method is presented, in which the Laplacian 
is constrained to be minimal at all points. It is shown that this method yields 
better results. In particular, this method can locate extremes at positions at 
which the function values are not known. 
The Gabor-Nelson method can only be applied to homogeneous volume 
conductors. An alternative method for the estimation of source parameters 
inside a volume conductor of arbitrary shape which does allow inhomogeneities 
is the NLLS (Non Linear Least Squares) method presented in chapter IV. A 
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further advantage of this method is that it suffices to know the potentials at a 
Umited number of positions on the outer surface. It is shown that the NLLS 
method yields good results. In those cases in which both the Gabor-Nelson and 
the NLLS method can be used, the NLLS is superior. The NLLS method was 
used for the model studies in this research. 
In order to decide which structures should be included in the mathemat­
ical model, the electrical properties of the tissues involved in the conduction 
of the current generated by the fetal heart must be known. Data on the elec­
trical properties of these tissues are scarce in Uterature. The conductivities of 
the overall body tissue and of the amniotic fluid are found in the literature. 
The large ratio between these conductivities suggests that a compartment of 
amniotic fluid should be included in the model. Chapter V reports on our mea­
surements of the conductivity of fetal membranes, Wharton's jelly, and vernix 
caseosa as a function of the frequency of the applied current. 
Although it has been suggested that the frequency dependence the con­
ductivity of the feted membranes has high-pass properties, reports on actual 
measurements of the electrical properties of the fetal membranes could not be 
found in literature. Our measurements showed that these membranes possess 
no high-pass properties. As the conductivity of the thin layer of membranes is 
close to that of average tissue, there is no need to include the fetal membranes 
in the model. 
Some authors have proposed that the umbilical cord is a distinct pathway 
for the conduction of the FECG. This suggestion imphes that Wharton's jelly, 
which separates the well conducting fetal blood from the equally well conducting 
amniotic fluid should have a low conductivity. Again, no reports on actual 
measurements were found. We found that the conductivity of Wharton's jelly 
differs little from that of amniotic fluid and blood. From this we conclude that 
current in the umbilical cord can easily flow into the amniotic fluid, and that 
there is no need to include the umbilical cord in the model. 
The vernix caseosa, a layer which surrounds the fetus from 28 weeks of ges­
tation onward, is considered by many authors to be the major cause of the 
occurrence of distinct pathways. They suggest that the fetus is electrically iso­
lated by this layer, and that the current can only escape through its mouth and 
its umbilical cord. It has been reported that the conductivity of vernix caseosa 
is roughly 10° times smaller than that of the other tissues involved, our own 
measurements showed a great frequency dependence. For the frequency range 
in which in the fetal QRS complex is contained the value found in literature is 
confirmed. As a consequence, we сгт expect that even a very thin layer of vernix 
will have a substantial influence on the conduction of the current generating the 
FECG. 
In chapter VI the potential distribution observed at the maternal abdomen 
during the fetal QRS complex throughout the second half of gestation is pre­
sented. The large inter- and intra-individual variability is evident. However, 
some generell tendencies can be observed. The amplitude of the observed signals 
shows a decrease between 28 and 32 weeks. Before this decrease the pattern of 
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the potential distribution changes in the course of a fetal QRS complex, whereas 
after the decrease the pattern is often stationary. 
As a first step towards interpretation of the observed signals, a homogeneous 
volume conduction model based on the actual geometry (model I) is introduced 
in chapter VI. A current dipole at the position of the fetal heart was used eis the 
source description. From the recorded potential distribution the dipole vector 
was computed by using the NLLS method. As a measure for goodness of fit the 
relative difference ε was used: the root mean square of the difference between 
the measured potentials and the potentials predicted by the model, divided by 
the root mean square of the measured potentials. 
The plot of the dipole throughout the fetal QRS complex is called the fe­
tal vectorcardiogram (FVCG) or fetal vector loop (FVL). Since the orienta­
tion of the fetus is known from the geometry measurement, the FVCG can be 
constructed with respect to a reference frame fixed to the fetal body. As a 
consequence a description independent of the fetal presentation is obtained. 
The homogeneous model yields small values of ε for pregnancies of less than 
28 weeks of gestation ("early pregnancies"). For early pregnancies the FVCGs in 
the fetal reference frame are similar to the VCGs of newborns and adults. From 
this we conclude that the variability in the observed signals in early pregnancies 
is the result of the variability in the feted position and orientation only. 
For pregnancies of more than 32 weeks ("late pregnancies") the model yields 
poor results. The computed FVCGs are completely different from the VCGs 
of newborns and adults As there are no indications of a large change in the 
fetal heart itself at this stage of pregnancy, the change in the apparent FVCGs 
is probably the result of a change m the volume conductor. The fact that 
late in pregnancy the vector loops are often closed, suggests the occurrence of 
distinct pathways. The fact that the electrically isolating layer of vernix starts 
to develop just at the time when the magnitude of the FECG decreases and 
the homogeneous model no longer yields acceptable results suggests that the 
changes are caused by the development of the vernix. In some cases, however, 
the computed vector loops are not closed. As the value of ε is large in these 
cases as well, they do not imply a homogeneous conduction. Obviously, other 
models are needed to explain the recorded potentials late in pregnancy. 
In chapter VII an extension of the model is presented which includes more 
complex source descriptions and a volume conductor which incorporates the 
actual inhomogeneities. In model II the position of the dipole source inside the 
homogeneous volume conductor is not specified a priori. The position found 
is close to the position of the fetal heart as observed by echoscopy for early 
pregnancies. For late pregnancies the deviation between the position of the 
dipole and the position of the fetal heart is larger than for early pregnancies. 
The FVCGs found by using model II are similar to those found by using model I. 
In model III the amniotic fluid is included. The results are similar to those of 
model I and II, except for a scaling factor in the current dipole. For early 
pregnancies the magnitude of the dipole found by using model HI corresponds 
to the magnitude expected from the known relation between body weight and 
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magnitude of the equivalent dipole for vertebrates [4]. 
The models I to III all yield poor results for late pregnancies. The fact 
that late in pregnancy the FVLs are often closed suggest the occurrence of 
distinct pathways. To simulate the situation of current escaping from two holes 
in an electrically isolating layer, model IV was constructed. In this model the 
volume conductor consists of a completely isolated fetus inside the maternal 
abdomen. As the source description two monopoles having the same strength 
and opposite polarities (bipole) at positions not specified a priori are used. In 
those cases in which model III yielded closed vector loops, model IV yielded a 
similar or smaller values of e, indicating an equal or better fit. The positions of 
the monopoles, however, do not always correspond to the positions predicted 
by literature for the distinct pathways, i.e. the fetal mouth and the entry of the 
umbilical cord. 
As a further test we computed what magnitude of FECG to expect when a 
dipole current source such as found by model III at 28 weeks is positioned within 
an isolating layer surrounding the fetus and containing two holes at the mouth 
and umbilicus. The maximum potential difference found throughout the QRS 
interval was 3 /xV, which is below the detection level of the recording equipment 
used (5 MV) . Indeed, we could discern no FECG in the recorded signal for most 
data sets between 28 and 32 weeks of gestation, when the fetus is known to 
be covered by a layer of vernix. After 32 weeks, however, the magnitude of 
the FECG increases to a value above detection level, and is much higher than 
would be expected by assuming that the current can escape through two small 
holes only. This hypothesis is further contradicted by the fact that for some 
late pregnancies the vector loops are open. A possible explanation is given by 
the fact that after 32 weeks open patches appear in the layer of vernix. If there 
are large open sections, or more than two holes, one would expect open vector 
loops, although the situation is still not properly described by a model which 
neglects the vernix. The distribution of the vernix at the fetal body surface 
cannot be observed by echoscopy, and hence it is not possible to include the 
actual irregular layer of vernix in the model. 
We, hence, have formulated the following hypotheses concerning the conduc-
tion of the current generated by the fetal heart to the surface of the maternal 
abdomen. As the fetus grows, the strength of the equivalent current source of 
the heart increases. At about 20 weeks, the current becomes strong enough to 
generate potential differences at the maternal abdomen which are large enough 
to be observed. From that moment on until 28 weeks, the conduction of the 
current is best described by a model including the amniotic fluid, but apart 
from a scaling factor it can also adequately be described by a homogeneous 
model. Around 28 weeks, the layer of vernix starts to develop. It almost com-
pletely isolates the fetus electrically, and the FECG magnitude drops to a very 
low value. As pregnancy continues, open patches appear in the layer of vernix 
(from about 32 weeks), and the FECG magnitude increases again. However, 
the conduction is largely determined by the (undetectable) size and positions 
of the open patches. 
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This has the following consequences for the use of FECG in clinical studies. 
Early in pregnancy, the conduction of the FECG is adequately described by 
using a simple homogeneous volume conduction model and a current dipole 
source at the position of the fetal heart. As a consequence, optimal recording 
sites for two-electrode systems for any geometry configuration may be deduced 
from a known fetal heart position and orientation. However, a multi-lead system 
covering a large area of the maternal abdomen may be preferable. BoLTE 
recorded 8 signals by using 5 electrodes at the maternal abdomen and back 
in different combinations [2,3]. As the maximum potential differences which 
he found are of the same magnitude as the maximum potential differences we 
observed in any combination of the 33 electrodes we used, the 5 electrodes at the 
positions he used are probably sufficient to obtain an FECG trigger. Algorithms 
to maximize the fetal contribution [5,7] can support the identification of the fetal 
contribution in such recordings. More important, a description of the FECG 
can be computed which is independent of the fetal position and orientation, such 
as the FVCG. For this purpose more electrodes are needed, but not necessarily 
as many as the 33 we used. The diagnostic value of such descriptions may now 
be studied. 
Between 28 and 32 weeks the FECG is often too weak to be detectable. 
After 32 weeks the magnitude of the FECG increases again to a value large 
enough to allow monitoring of the fetal heart rate in most cases. The shape of 
the FECG however, does no longer correspond to the electrical activity of the 
fetal heart in an intelligible way, because of the disturbing influence of isolating 
sections of vernix caseosa: the apparent FVL does not correspond to the actual 
fetal heart vector. As a consequence caution has to be applied to the use of the 
waveforms of the abdominally recorded FECG (or a derived description such as 
the FVL) and to the use of parameters describing the timing within the fetal 
PQRST complex as these will also be affected by the volume conduction. 
FECG recordings between 28 and 32 weeks would be especially useful in 
pregnancies with suspected growth retardation. It has been reported that in 
the case of fetal growth retardation the magnitude of the FECG is substantially 
larger than in normal pregnancies [6]. This corresponds to the fact that on 
growth retarded fetuses little vernix is found and the amount of amniotic fluid 
is reduced. This means that these recordings would not be affected as much by 
the layer of vernix and the FECG may still be detectable. 
The result of the study described in this thesis can be applied to a clinical 
trial. In this trial a larger group of subjects should be included than in the 
research described in this thesis but the measurements will not have to be as 
elaborate. Particularly the geometry measurements can be reduced to recording 
the orientation of the fetus and the outline of the maternal abdomen. 
Further research will have to be done concerning the detectability of a FECG 
trigger (on behalf of fetal heart rate monitoring) as a function of gestational 
age. Furthermore it should be determined to what extent the waveform of 
the FECG and the electromechanical time intervals are affected by the volume 
conductor, in order to be able to tell in which cases distinction can be made 
105 
Chapter Vili 
between normal and pathological. It will be of interest to investigate whether 
in growth retarded fetuses there is less decrease in the FECG magnitude late in 
pregnancy than in normal pregnancies. In those cases where the construction 
of a FVCG is possible, the diagnostic value of the FVCG can be studied. 
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Een van de meinieren om gedurende de zwangerschap informatie te verkrijgen 
over de gezondheid van de foetus is het registreren van zijn hartritme. Gewoon-
lijk doet men dit met behulp van Doppler ultrageluid, maar de slag op slag 
variatie van het foetale hartritme (waarin men de laatste tijd geïnteresseerd is) 
kan alleen continu verkregen worden door middel het registreren van het foetale 
electrocardiogram (FECG) op de buik van de moeder. Verder is er eveneens 
interesse ontstaan in de klinische toepassing van de electromechanische tijdsin-
tervallen en de golfvorm van het FECG. Een belangrijk probleem bij het regi-
streren van het foetaal electrocardiogram is de grote inter- en intra-individuele 
variabihteit van de waargenomen signalen. 
In het onderzoek dat in dit proefschrift wordt behandeld, is de potentiaal-
verdeling die door het hart van de foetus wordt opgewekt op de buik van de 
moeder geregistreerd met behulp van een groot aantal electrodes. Verder werd 
de feitelijke, drie-dimensionale geometrie van een aantal relevante structuren 
vastgelegd. De methodes van deze metingen worden beschreven m hoofdstuk II. 
Er is een mathematisch model ontwikkeld dat gebaseerd is op de feitelijke 
geometrie, om de gemeten potentiaal verdeling zowel kwalitatief als kwantitatief 
te verklaren op basis van de (electrische) volumegeleiding. 
De meetresultaten die in hoofdstuk II beschreven worden, tonen aan dat 
de extremen van de potentiaalverdeling niet op dezelfde plaats blijven gedu-
rende de foetale hartcyclus. Dit wijst erop, dat de depolarisatie van het foetale 
hart beschreven dient te worden door een equivalente bron met tenminste de 
complexiteit van een roterende dipool. 
Een methode om de positie en sterkte van een dipoolbron te vinden aan 
de hand van de gemeten potentiaalverdeling op het oppervlak van een homo-
gene volumegeleider is de Gabor-Nelson methode. Bij deze methode moet de 
complete potentiaalverdeling op het oppervlak bekend zijn. Aangezien in ons 
onderzoek de potentiaal op het oppervlak alleen bekend is op de plaatsen waar 
electrodes zitten, moeten de potentialen op alle andere posities gevonden wor-
den door middel van een interpolatie methode. Bij een bekende methode voor 
de interpolatie van een scalaire functie op een oppervlak wordt aan de Laplaci-
aan van die functie de voorwaarde opgelegd, dat hij nul is op alle punten waar 
de functiewaarden niet bekend zijn. In hoofdstuk III wordt een uitbreiding van 
deze methode behandeld, waarbij aan de Laplaciaan de voorwaarde wordt op-
gelegd, dat hij gemiddeld over alle punten minimaal is. Er wordt aangetoond 
dat met deze methode betere resultaten verkregen worden. In het bijzonder kan 
deze methode extrema vinden op posities waar de functiewaarden niet bekend 
zijn. 
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De Gabor-Nelson methode kan alleen toegepast worden als de volumegelei-
der homogeen is. Een alternatieve methode om de bronparameters binnen een 
volumegeleider te schatten die wel inliomogeniteiten kan verdisconteren, is de 
NLLS (Non Linear Least Squares = niet lineaire kleinste kwadraten) methode. 
Deze methode wordt behandeld in hoofdstuk IV. Een ander voordeel van deze 
methode is dat de potentiaal slechts bekend hoeft te zijn op een beperkt aantal 
punten op het buitenste oppervlak. Hoofdstuk IV laat zien dat met de NLLS 
methode goede resultaten verkregen worden. In die gevallen waarin zowel de 
Gabor-Nelson als de NLLS methode toegepast kan worden, is de NLLS methode 
beter. Voor de modelstudies in dit onderzoek werd de NLLS methode gebruikt. 
Om te kunnen besluiten welke structuren meegenomen moeten worden in 
het mathematische model, moeten de electrische eigenschappen bekend zijn van 
de weefsels die een rol spelen in de voortgeleiding van de stromen die door het 
foetale hart worden opgewekt. Gegevens over de electrische eigenschappen van 
deze weefsels zijn schaars in de literatuur. De geleidbaarheden van „gemid-
deld" lichaamsweefsel en van vruchtwater zijn beschreven in de literatuur. De 
grote ratio tussen deze geleidbaarheden suggereert dat een compartiment met 
vruchtwater opgenomen moet worden in het model. In hoofdstuk V worden 
de metingen behandeld die wij uitgevoerd hebben aan de geleidbaarheid van 
vrucht vliezen, Whartonse gelei, en Vernix caseosa, als functie van de frekwentie 
van de toegevoegde stroom. 
Hoewel gesuggereerd is dat de frekwentie afhankelijkheid van de geleidbaar-
heid van vruchtvliezen een hoogdoorlaat effect vertoont, worden in de litera-
tuur geen meldingen van feitelijke metingen van de electrische eigenschappen 
van vruchtvliezen gevonden. Onze metingen tonen aan dat de vruchtvliezen 
geen hoogdoorlaat eigenschappen bezitten. Aangezien de geleidbaarheid van de 
vruchtvliezen(die slechts een dunne laag vormen) ongeveer even groot is als die 
van het vruchtwater, is er geen aanleiding de vruchtvliezen mee te nemen in het 
model. 
De vernix caseosa, een laag die de foetus omgeeft vanaf 28 weken zwanger-
schap, wordt door veel auteurs beschouwd als de belangrijkste oorzaak van het 
optreden van electrische geleiding via voorkeur&wegen. Hun aanname is dat 
de foetus electrisch geïsoleerd wordt door deze laag, en dat de stroom alleen 
kan ontsnappen via de mond en de navelstreng. Er wordt gemeld dat de ge-
leidbaarheid van vernix caseosa ongeveer een factor 10e kleiner is dan die van 
de andere weefsels die een rol spelen. Onze eigen metingen tonen aan dat de 
geleidbaarheid van vernix sterk afhangt van de frekwentie. Voor het frekwentie 
bereik waarbinnen het FECG ligt, wordt de literatuurwaarde bevestigd. Dien-
tengevolge is te verwachten dat zelfs een zeer dunne laag vernix een beduidende 
invloed heeft op de geleiding van de stroom die het FECG genereert. 
In hoofdstuk VI wordt de potentiaalverdeling behandeld die is waargeno-
men op de buik van de moeder tijdens het foetale QRS complex in de laatste 
helft van de zwangerschap. De grote inter- en intra-individule variabiliteit is 
duidelijk. Desalnietemin kunnen enige algemene tendensen worden opgemerkt. 
De amplitude van de waargenomen signalen vertoont een afname tussen 28 en 
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32 weken. Vóór deze afname verandert het patroon van de potentiaalverdeling 
in de loop van een foetaal QRS complex, terwijl ná de afname het patroon vaak 
stationair is. 
Als eerste aanzet tot een interpretatie van de waargenomen signalen, wordt 
in hoofdstuk VI een homogeen volumegeleidingsmodel geïntroduceerd, dat ge-
baseerd is op de feitelijke geometrie (model I). Een stroomdipool op de plaats 
van het hart van de foetus werd als bronbeschrijving gebruikt. Uitgaande van de 
gemeten potentiaalverdeling werd de dipool vector berekend met behulp van de 
NLLS methode. Als maat voor de kwaliteit van de fit werd het relatieve verschil 
ε gebruikt: de wortel van het gemiddelde van de kwadraten van de verschillen 
tussen de gemeten en de door het model voorspelde potentialen, gedeeld door 
de wortel van het gemiddelde van de kwadraten van de gemeten potentialen. 
Een grafiek waarin de dipool gedurende het foetale QRS complex staat uit­
gezet wordt een foetaal vectorcardiogram (FVCG) of foetale vectorlus (FVL) 
genoemd. Aangezien de oriëntatie van de foetus bekend was door de meting 
van de geometrie, kon het FVCG geconstrueerd worden in een assenstelsel dat 
aan het lichaam van de foetus gekoppeld is. Zo krijgen we een beschrijving die 
onafhankelijk is van de ligging van de foetus. 
Het homogene volumegeleidingsmodel levert kleine waarden van ε op voor 
zwangerschappen van minder dan 28 weken („vroege zwangerschappen"). Bij 
vroege zwangerschappen lijken de FVCG's in het foetale assenstelsel op de 
VCG's van pasgeborenen en volwassenen. Daaruit valt te concluderen dat bij 
vroege zwangerschappen de variabiliteit in de waargenomen signalen uitsluitend 
het gevolg is van de variabUiteit in de ligging van de foetus. 
Voor zwangerschappen van meer dan 32 weken („late zwangerschappen") 
levert het model slechte resultaten op. De berekende FVCG's zijn totaal anders 
dan de VCG's van pasgeborenen en volwassenen. Aangezien er geen aanwijzin­
gen voor zijn dat in het foetale hart zelf in dit stadium van de zwangerschap 
grote wijzigingen optreden, is de verandering van de schijnbare FVCG's waar­
schijnlijk het gevolg van veranderingen in de volumegeleider. Het feit dat de 
vectorlussen vaak gesloten zijn bij late zwangerschappen, doet vermoeden dat er 
sprake is van geleiding via voorkeurswegen. Aangezien de electrisch isolerende 
laag vernix zich juist ontwikkelt op het moment dat de sterkte van het FECG 
afneemt en het homogene model geen acceptabele resultaten meer oplevert, lijkt 
het erop, dat het ontstaan van de vernix voor deze veranderingen verantwoorde-
lijk is. In sommige gevallen zijn de vectorlussen echter niet gesloten. Aangezien 
het relatieve verschil e ook in deze gevallen groot is, is er hier geen sprake van 
homogene geleiding. Het is duidelijk dat er andere modellen nodig zijn om de 
potentialen die bij late zwangerschappen worden gemeten te verklaren. 
In hoofdstuk VI wordt een uitbreiding van het model behandeld, waarbij 
complexere bronbeschrijvingen gebruikt worden, alsmede een volumegeleider 
waarin de feitelijke inhomogeniteiten meegenomen worden. In model II wordt 
de positie van de dipoolbron binnen de homogene volumegeleider niet a priori 
vastgelegd. Bij vroege zwangerschappen ligt de positie die gevonden wordt dicht 
bij de positie van het foetale hart die met behulp van echoscopie gevonden was. 
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Bij late zwangerschappen is de afstand tussen de positie van de dipool en van 
het foetale hart groter. De FVCG's die met behulp van model II zijn bepaald 
lijken op die, welke met behulp van model I zijn bepaald. In model III wordt 
het vruchtwater in rekening gebracht. De resultaten lijken op die van model I 
en II, op een schalingsfactor in de sterkte van de stroomdipool na. Bij vroege 
zwangerschappen komt de gevonden sterkte van de dipool overeen met de sterkte 
die verwacht wordt op grond van de bekende relatie tussen lichaamsgewicht en 
equivalente dipoolsterkte bij gewervelde dieren. 
De modellen I tot en met III leveren alle drie slechte resulaten (hoge waarden 
van e en/of onrealistische FVCG's) op bij late zwangerschappen. Het feit dat bij 
late zwangerschappen de FVL vaak gesloten is, wijst in de richting van geleiding 
via voorkeurswcgen. Om de situatie na te bootsen waarbij de stroom de foetus 
alleen verlaat door twee gaten in een electrisch isolerende laag, werd model IV 
geconstrueerd. In dit model bestaat de volumegeleider uit een in het geheel niet 
geleidende foetus binnenin de buik van de moeder. Als bronbeschrijving worden 
twee monopolen gebruikt, met dezelfde sterkte maar tegengestelde polariteit 
(een bipool). In die gevallen waarin model III gesloten vectorlussen opleverde, 
geeft model IV dezelfde of een kleinere waarde van ε als model III, hetgeen wijst 
op een vrijwel even goede of betere aanpassing. De posities van de monopolen 
komen echter niet altijd overeen met de posities die door de literatuur worden 
voorspeld als voorkeurswcgen, namelijk de mond en navelstreng van de foetus. 
Als verdere test werd berekend welke FECG sterkte te verwachten is wan­
neer een dipool stroombron zoals gevonden door model III bij 28 weken wordt 
geplaatst binnen een isolerende laag om de foetus, met gaten bij de mond en 
de navel. Het maximale potentiaalverschil tijdens het foetale QRS complex dat 
we zo vonden bedroeg 3 /tV, hetgeen minder is dan het detectie niveau van de 
door ons gebruikte apparatuur (5/¿V). Inderdaad konden we geen FECG in het 
opgenomen signaal ontdekken bij de meeste meetsets tussen 28 en 32 weken 
zwangerschap Na 32 weken neemt de sterkte van het FECG echter weer toe tot 
een waarde boven het detectie niveau, en bereikt een waarde die veel groter is 
dan verwacht zou worden op grond van de aanname dat de stroom alleen door 
twee kleine gaten de foetus kan verlaten. Die hypothese wordt verder tegen-
gesproken door het feit dat bij sommige late zwangerschappen de vectorlussen 
open zijn. Een mogelijke verklaring wordt gegeven door het feit dat na 32 weken 
open plekken ontstaan in de laag vernix. Als er grote open plekken zijn, of meer 
dan twee openingen, kunnen open vectorlussen ontstaan, terwijl de situatie zich 
toch niet goed laat beschrijven door een model dat de vernix buiten beschou-
wing laat. De verdeling van vernix over het lichaam van de foetus kan niet 
met echoscopie waargenomen worden, en dus is het niet mogelijk de feitelijke 
onregelmatige laag vernix in het model in rekening te brengen. 
Uitgaande van dit alles zijn we tot de volgende hypothese gekomen voor 
wat betreft de geleiding van de stroom, die door het hart van de foetus wordt 
opgewekt, naar het buikoppervlak van de moeder. Naarmate de foetus groeit, 
neemt de sterkte van de equivalente stroombron van het hart van de foetus toe. 
Bij een zwangerschap van circa 20 weken is de stroom sterk genoeg geworden 
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om potentiaalverschillen te veroorzaken, die groot genoeg zijn om gemeten te 
worden. Vanaf dat moment tot 28 weken kan de geleiding van de stroom het 
best beschreven worden door een model waarin de invloed van het vruchtwater 
in rekening wordt gebracht, maar op een schaalfactor na kan het ook goed 
beschreven worden door een homogeen model. Rond 28 weken begint de laag 
vernix zich te ontwikkelen. Deze veroorzaakt een bijna volledige electrische 
isolatie van de foetus, en de sterkte van het FECG daalt tot een zeer lage 
waarde. Naarmate de zwangerschap voortduurt ontstaan open plekken in de 
laag vernix (vanaf ongeveer 32 weken), en neemt de sterkte van het FECG weer 
toe. De geleiding wordt echter grotendeels bepaald door de (niet waarneembare) 
grootte en positities van de open plekken. 
Dit heeft de volgende consequenties voor het gebruik van het FECG in kli-
nische studies. Vroeg in de zwangerschap laat de geleiding van het FECG zich 
beschrijven met behulp van een eenvoudig homogeen volumegeleidingsmodel en 
een dipool stroombron op de plaats van het hart van de foetus. Als gevolg 
hiervan kunnen bij bekende positie en oriëntatie van het foetale hart optimale 
meetplaatsen worden bepaald voor twee-electrode systemen voor elke willekeu-
rige geometrische configuratie. Een multi-electrodc systeem waarbij een groot 
deel van de buik van de moeder wordt omvat zal evenwel handiger zijn. B O L T E 
nam 8 signalen op door gebruik te maken van 5 electrodes op de buik en de 
rug van de moeder in verschillende combinaties. Aangezien de maximale po-
tentiaalverschillen die hij vond van dezelfde orde van grootte zijn als die, welke 
wij vonden in enige combinatie van de door ons gebruikte 33 electrodes, zijn 
de 5 electrodes die hij gebruikte waarschijnlijk goed genoeg om een duidelijke 
FECG trigger af te leiden. De identificatie van de foetale bijdrage in zo'n re-
gistratie kan vergemakkelijkt worden door gebruik te maken van algoritmes die 
de foetale bijdrage maximahseren. Belangrijker is, dat een beschrijving van het 
FECG berekend kan worden die onafhankelijk is van de ligging van de foetus, 
zoals het FVCG. Voor dit doel zijn er meer electrodes nodig, maar niet nood-
zakelijkerwijs zoveel als de 33 die wij gebruikten. De diagnostische waarde van 
een dergelijke beschrijving kan nu onderzocht worden. 
Tussen 28 en 32 weken is het FECG vaak te zwak om gemeten te kunnen 
worden. Na 32 weken is in de meeste gevallen het FECG weer sterk genoeg 
om het foetale hartritme te kunnen bewaken. Het verband tussen de vorm 
van het FECG en de electrische activiteit van het foetale hart is echter niet 
meer na te gaan, tengevolge van de storende invloed van de isolerende plakken 
vernix caseosa; de schijnbare FVL correspondeert niet met de feitelijke foetale 
hartvector. Dientengevolge moet men voorzichtig zijn met het gebruik van de 
golfvorm van het FECG dat op de buik van de moeder wordt opgenomen (of van 
een afgeleide grootheid, zoals de FVL), en ook met het gebruik van piirameters 
die het tijdsverloop binnen het foetale PQRST complex beschrijven, aangezien 
deze eveneens door de volumegeleiding beïnvloed zullen worden. 
Registratie van het FECG tussen 28 en 32 weken zou met name nuttig kun-
nen zijn voor zwangerschappen waarbij de verdenking bestaat dat er sprake is 
van groeivertraging. Er is melding van gemaakt dat in het geval van groeiver-
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traging de sterkte van het FECG groter is dan bij normale zwangerschappen. 
Dit komt overeen met het feit dat bij groeivertraagde foetussen weinig vernix 
wordt aangetroffen en de hoeveelheid vruchtwater gereduceerd is. Dit betekent 
dat deze registraties niet zo sterk beïnvloed zouden worden door de laag vernix, 
en dat het FECG nog steeds detecteerbaar zou kunnen zijn. 
De resultaten van de studie die in dit proefschrift wordt beschreven kunnen 
worden toegepast in een nadere klinische studie. In deze studie zou een grotere 
groep proefpersonen betrokken moeten worden dan in ons onderzoek, maar de 
metingen hoeven niet zo uitgebreid te zijn. Met name de geometrie metingen 
kunnen worden beperkt tot het bepalen van de oriëntatie van de foetus en de 
omtrek van de buik van de moeder. 
Nader onderzoek zal moeten worden uitgevoerd naar de detecteerbaarheid 
van een FECG trigger (ten behoeve van foetaal hartritme bewaking) ids func-
tie van de zwangerschapsduur. Verder zal uitgezocht moeten worden in welke 
mate de golfvorm van het FECG en de electromechanische tijdsintervallen wor-
den beïnvloed door de volumegeleider, om zo vast te stellen in welke gevallen 
onderscheid gemaakt kan worden tussen normaliteit en pathologie. Een ander 
punt van interesse is of bij groeivertraagde foetussen de verzwakking van het 
FECG minder is dan bij normale zwangerschappen. In die gevallen waarin 
de constructie van een FVCG mogelijk is, kan de diagnostische waarde ervan 
bestudeerd worden. 
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COROMETRICS apparatuur voor 
GYNAECOLOGISCHE toepassingen 
zowel klinisch als poliklinisch, 
met een unieke vormgeving. 
MODEL 145 
Antepartum foetale monitor voor uit-
wendige technieken met 
• Ultrageluid FECG 
• Toco-dynamografie 
• Kompakt en handig in het gebruik 
• Geschikt voor zwangerschaps-
kontroles op de polikliniek 
MODEL 115 
Cardiotocograaf voor zowel uitwen-
dige als inwendige technieken met: 
• Ultrageluid FECG 
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• Direkte FECG 
• Inwendige utennaire druk 
• Voorzien van tweelmgregistrabe 
• CORO/LATIE processing techniek 
• Vele extra's zoals fono-opnemer, 
keypad, keyboard, enz. 
Beide apparaten kunnen deel u/f-
maken van een netwerk voor centrale 
FECG bewaking en data manage-
ment (systeem SPECTRAN 400 en 
MONARCH 800) OokPC-data-
transmissie is mogelijk: model 
SPECTRA-TEL. 
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STELLINGEN 
1. De molekulaire verblijftijd in een vibrationeel tuseenniveau tijdene 
Rapid Adiabatic Passage (RAF) processen kan dusdanig verkort worden dat 
isotoop-selektieve dissociatie in buikmengsels tot de mogelijkheden 
behoort. 
£/. Gaubatz, P. Rudeaki, M. Beaker, 
S. Sahiemann, M. Külz en К. Bergmann 
Chem. Phya. Lett. 149 (1988) 462 
2. Nauwkeurige waardes voor vibrationele overgangsdipoolmomenten werden 
recentelijk verkregen uit Rabi-oscillaties. Naast bolometrische detektie 
kan hiervoor ook een 2-laser dubbelresonantie techniek toegepast worden. 
B. Zhang, X. Gu, N.R. Isenor en G. Saoles 
Chem. Phye. 126 (1988) 151 
3. De multimode laserwerking van een gepulste kontinu verstembare C02~laser 
kan zonder goede spektrale analyse een grote hoeveelheid onjuiste 
spektroskopische informatie opleveren. 
E. Borsetla, R. Pontoni, A. Giardini-
Guidoni, D.R. Adams en CD. Cantrell 
Chem. Phys. Lett. 101 (1983) 86 
C. Angelié, R. Capitini en P. Girard 
Laser Chem. 7 (1987) 305 
4. Het optreden van Resonance Enhanced Multiphoton Ionization (REMPI) bij 
C2H4 is experimenteel nog niet aangetoond; de door Α. Gedanken gevonden 
spektrale struktuur is niet te wijten aan resonanties binnen het C2H4 
molekuul maar aan de spektrale eigenschappen van dissociatie fragmenten. 
A. Gedanken, N.A. Kuebler en M.B. Robin 
J. Chem. Phys. 76 (1982) 46 
5. Onderdrukking van het vensterabsorptiesignaal ten opzichte van het gas-
absorptiesignaal in een gesloten, cylindrische, niet-resonante, akoestische 
cel kan verkregen worden door geschikte plaatsing van de mikrofoon en een 
aangepaste modulâtiefrekwentie. 
Dit proefschrift 
6. Door gebruik te maken van een goede monochromatische lichtbron bij 
chemisch-analytische technieken kan een veelvoud aan detektie- en 
diskriminatiegevoeligheid gewonnen worden. 
7. De theoretisch juiste koppelingsverliesberekeningen om tot een optimale 
CO2 waveguide laserwerking te komen leiden tot onnodige gekompliceerdheid 
bij het konstrueren van een intracavity laseropstelling. 
CA. HUI en D.R. Hall 
Appi. Opt. 24 (1985) 1283 
8. Laatbloeiers zijn zelden jong afgestudeerd; bedrijven en instellingen op 
zoek naar mensen met laatstgenoemde kwalifikatie missen zo een deel van 
het arbeidspotentieel. 
9. Werkende stoplichten op verkeersarme kruispunten vormen een gevaar voor 
de verkeersveiligheid; het op deze plaatsen verworven automatisme om 
door "rood" te rijden, kan nadelige gevolgen hebben op meer verkeersinten-
sieve punten. 
10. Een universiteit die in haar bezuinigingsbeleid het opschorten van nieuwe 
onderzoeksplaatsen voorstelt kan in een neerwaartse onderzoeksspiraal 
terechtkomen, waardoor zij zich op den duur in niets meer onderscheidt 
van een normale HBO-opleiding. 
11. Het schrijven van een proefschrift kan dusdanige vormen aannemen dat de 
kinderen vinden dat vader nu wel erg lang op kongresbezoek is. 
Nijmegen, 15 december 1988 
Frans Harren 
Stellingen 
behorende bij het proefschrift 
Modelling the fetal ECG 
1. De afname van de sterkte van het abdominaal foetaal elec-
trocardiogram rond 30 weken is het gevolg van het tot ont-
wikkeling komen van de vernix caseosa met een extreem laag 
electrisch geleidingsvermogen. 
Hoofdstuk VI en VII. 
2. Om bij de detectie van het foetaal ECG een spatieel filter te 
kunnen gebruiken is het niet nodig een aantal electrodes zo te 
plaatsen dat daarmee vrijwel uitsluitend een maternaal ECG 
gemeten wordt. 
J. VANDERSCHOOT, D. CALLAERTS et. al.: Two 
methods for optimal MECG elimination and FECG 
detection from skin electrode signals. IEEE Trans. 
Biomed. Eng. BME-34: 233-243, 1987. 
3. Een links anterio - links laterale plaatsing van defibrillatie 
electrodes geeft een grotere stroomdichtheid in het hart dan 
een rechts anterio - links laterale plaatsing. 
T.F. OOSTENDORP: De potentiaalverdeling binnen 
een lichaam ten gevolge van stroomvoerende opper-
vlakte electrodes. Afstudeerverslag, KU Nijmegen, 
1983. 
4. Bij het omzetten van programmapakketten naax computers 
met een grotere capaciteit, verdient het aanbeveling om na te 
gaan of door aanpassing van de algoritmes een beter gebruik 
van die capaciteit gemaakt kan worden. 
Hoofdstuk IV. 
5. In de kaassmeer (vemix caseosa) zitten aan het eind van de 
zwangerschap vaak gaten; net als bij Emmentaler kaas is aan 
de buitenkant niet te zien waar de gaten zitten. 
Hoofdstuk VII. 
6. De geleidbaarheid van vruchtvhezen vertoont binnen het in-
terval van 1 Hz tot 100 kHz geen capacitief gedrag. 
Hoofdstuk V. 
7. Onzalig zijn zij, die niet gezien hebben en toch geloven, want 
hen zeil men alles wijs kunnen maken. 
8. Een acrostichon wordt peis opgemerkt als er op gewezen 
wordt. 
F . SINATRA: Strangers in the night. Reprise, New 
York, 1966. 
Nijmegen, januari 1989 Thorn Oostendorp 
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